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A b s tr a c t
Magnetic reconnection at the dayside magnetopause is one of the most important mechanisms 
that efficiently transfers solar wind particles, momentum, and energy into the magnetosphere. 
Magnetic reconnection at the magnetopause is usually asymmetric since the plasma and magnetic 
field properties are quite different in the magnetosphere and the magnetosheath. Cold dense plasma, 
originating either directly from the ionosphere or from the plasmasphere, has often been observed 
at the adjacent magnetopause. These cold plasmas may affect reconnection since they modify the 
plasma properties on the magnetospheric side significantly.
This dissertation presents case and statistical studies o f the characteristics o f the cold ions 
observed at the dayside magnetopause by using Cluster spacecraft datasets. The plasmaspheric 
plumes have been distinguished from the ionospheric outflows using ion pitch angle distributions. 
The ionospheric outflows feature unidirectional or bidirectional field-aligned pitch angle distribu­
tions, whereas the plasmaspheric plumes are characterized by 90° pitch angle distributions. The 
occurrence rates of the plasmaspheric plumes and ionospheric outflows and their dependence on 
the solar wind/Interplanetary Magnetic Field (IM F) conditions have been investigated. It is found 
that the occurrence rate of plasmaspheric plume or ionospheric plasma strongly depends on the 
solar w ind/IM F conditions. In particular, plasmaspheric plumes tend to occur during southward 
IMF while ionospheric outflows tends to occur during northward IMF. The occurrence rate of the 
plasmaspheric plumes is significantly higher on the duskside than that on the dawnside, indicating 
that the plasmaspheric plumes may lead to a dawn-dusk asymmetry o f dayside reconnection.
Furthermore, this dissertation investigates the behavior o f the cold dense plasma o f ionospheric 
origin during magnetic reconnection at the dayside magnetopause. The motion o f cold plasmas- 
pheric ions entering the reconnection region differs from that o f warmer magnetosheath and magne- 
tospheric ions. In contrast to the warmer ions, which are probably accelerated by reconnection near 
the subsolar magnetopause, the colder ions are simply entrained by E x B  drift at high latitudes on 
the recently reconnected magnetic field lines. This indicates that plasmaspheric ions can sometimes 
play a very limited role in magnetic reconnection process.
Finally, this dissertation examines a controlling factor that leads to the asymmetric reconnection 
geometry at the magnetopause. It is demonstrated that the separatrix and flow boundary angles are 
greater on the magnetosheath side than on the magnetospheric side of the magnetopause, probably 
due to the stronger density asymmetry rather than magnetic field asymmetry at this boundary.
v
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C h a p te r  1
In tro d u ct io n  to  th e  S o la r-T errestr ia l E n v iron m en ts
1.1 S olar W in d  an d  In te rp la n e ta ry  M a g n e tic  F ie ld
The Sun, which is located at the center of the solar system, is the primary source of energy 
for the Earth. It is the driver o f the disturbances in the near-Earth space environment and the 
interplanetary space. The Sun is composed o f 90% hydrogen (H), 10% helium (He), and 0.1% 
heavier elements (C, N, O) [Kivelson and Russell, 1995]. The hydrogen in the Sun is used as a 
fuel and converted to helium through nuclear fusion, which is the Sun’s energy source. A  huge 
amount o f energy is generated from the Sun through this nuclear reaction and expelled into the 
interplanetary space.
The Sun radiates a continuous and high-speed flow of ionized gas, or plasma, known as the 
solar wind. This was suggested by Biermann [1951] based on the studies of comet tails. The solar 
wind consists mainly of electrons and protons with small amount o f ionized helium and heavy ions. 
The near-Earth space environment is constantly influenced by the solar wind. The properties of 
the solar wind, such as speed and temperature, change as the solar wind flows in the interplanetary 
space.
The great pressure difference between the the Sun’s corona and the interstellar space overcomes 
the Sun’s gravity and drives the solar wind plasma outward. The fluid theory for the equilibrium 
state of the coronal plasma in the gravitational field of the Sun was used to understand solar wind 
formation. The fluid model starts with the equations for conservation of mass and momentum in 
a fluid, assuming that solar wind is a fully ionized plasma. The solar corona is assumed to be 
steady-state, spherically symmetric and isothermal. This model also ignores the magnetic effects 
[Kivelson and Russell, 1995]. Parker [1958] predicted the existence of the solar wind by considering 
solutions with non-zero flow speeds. He suggested that the solar wind is subsonic at the base o f the 
corona and is then accelerated to supersonic speed at a critical point. The critical point (or sonic 
point) is located at around 4-6 solar radii. The flow speed increases up to 40 solar radii (0.2 AU) 
and becomes nearly constant at larger distances [Cairns, 1999].
The solar wind flows radially away from the Sun. The Sun rotates once approximately every 
27 days. The solar wind source region is fixed on the rotating Sun. This rotation of the source 
region generates sequential arrows o f solar wind, which is sketched in Figure 1.1(a). The succession 
o f fluid flows radially in a different angular direction. There are two types of solar wind known as 
“slow” solar wind ( «  350 km /s) and “fast” solar wind ( «  650 km /s). Fast solar wind overtakes 
the slower wind and generates a co-rotating interaction region (also a magnetic scattering region) 
where the plasma is compressed, as shown in Figure 1.1(b).
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Table 1.1. Observed (left) and derived (right) physical properties o f the solar wind at 1 AU [Kivelson 
and Russell, 1995]
Proton density 6.6 cm -3 Gas pressure (pgas =  
nk(Tp +  Te))
30 pPa (pico pascals)
Electron density 7.1 cm -3 Magnetic pressure (pmag =  
B 2/2^o)
19 pPa
He2+ 0.25 cm -3 Proton gyroradius 80 km
Flow speed 450 km /s Proton-proton collision 
time
4x  106 s
Proton temperature 1.2 x 105 K Electron-proton collision 
time
3x  105 s
Electron temperature 1.4 x 105 K Time for wind to flow from 
corona to 1 AU
~ 4  days (3 .5x105 s)
Magnetic field 7 nT (nano tesla) Alfven speed ~40 km /s
The solar magnetic field, which is called the interplanetary magnetic field (IM F), is carried along 
with the radial outflow o f the solar wind. As a result o f the superposition o f the motion of outflow 
and rotation o f the Sun, the magnetic field gets twisted and is forced into a spiral configuration. 
This spiral shape is known as the Parker Spiral. The magnetic field is directed outward from one of 
the Sun’s magnetic dipole and inward in the other. The different field directions create a thin layer 
near the Sun’s magnetic equatorial plane which is called the Heliospheric current sheet (the neutral 
current sheet). The Heliospheric current sheet becomes wavy as the Sun rotates (see Figure 1.1(c)). 
The Parker spiral is indicated by the yellow arrows in Figure 1.1(c). The magnetic field makes an 
angle of & 45° to a line drawn from the Sun at one astronomical unit (1 AU, the distance from 
the Earth to the Sun) for a 400 km /s solar wind speed [Kivelson and Russell, 1995] (see Figure 
1.1(d)). The Sun’s magnetic field has several roles: It stores and releases the magnetic energy; it 
may exert a force and thus accelerate the plasma; and it may drive waves or instabilities. Variations 
in the IMF and the solar wind affect conditions in the near-Earth space environment and produce 
modulations in the geomagnetic activity. The orientation o f the IMF is an important factor in the 
solar wind-magnetosphere coupling.
Table 1.1 shows the average properties o f solar wind at 1 AU [Kivelson and Russell, 1995]. 
The number densities of the proton, electron, and helium (He2+) are typically 6.6 cm - 3 , 7.1 cm - 3 , 
and 0.25 cm-3  at 1 AU, respectively. The average flow speed is about 450 km /s. The proton and 
electron temperature are about 1.2x105 K and 1.4x105 K. The embedded magnetic field varies but 
has an average value of 7 nT at 1 AU [Kivelson and Russell, 1995].
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Figure 1.1. (a) A  succession o f the solar wind flow emitted at constant speed from the rotating 
Sun, (b) geometry o f the interaction between fast solar wind and slower solar wind, (c) a graphic 
image of the Parker spiral (Image courtesy J. Jokipii, University o f Arizona), (d) the IMF makes 
a 45° (80°) angle with the radial direction at the orbit o f the Earth (Jupiter). (Figures 1.1(a), (b) 
and (d) are from http://h istory.nasa.gov/SP-349/p96.jpg)
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1.2 M H D  D iscon tin u itie s  an d  S h ock s
W hen the supersonic solar wind flow encounters a magnetized obstacle, such as the Earth, a bow 
shock and a magnetopause, which are thin boundaries separating adjacent regions, are formed. A 
large-scale plasma boundary can be defined by discontinuous macroscopic parameters (such as field, 
density, velocity, etc.) in space. The field and plasma parameters across the discontinuity satisfy 
certain conditions (called jum p conditions) which can be derived using ideal magnetohydrodynamics 
(MHD) equations. MHD studies the dynamics o f electrically conducting fluids in the presence of 
electromagnetic fields. The plasma is treated as a conducting fluid instead o f individual particles. 
The plasma is assumed to be in thermal equilibrium therefore can be described by a Maxwellian 
distribution function. The ideal MHD equations can be written in the form of conservation o f mass, 
momentum, and energy equations and Maxwell’s equations.
Continuity equation:
dp
(1.1)I  +  V (Pu ) =  °
Momentum equation:
du /  B 2 \ B
P m  +  p (u  V )u =  - v p - v { + ( B  v ) «
(1.2)
Energy equation:
dw total
dt
- V
Maxwell’s equations:
1 2 , YP
2 PU +  Y - 1 +  —  B1^ 0
A  u ■ b ^' u ------------B
J Vo
dB
-rn  =  V x  (u  x B )
v b  =  0
(1.3)
(1.4)
(1.5)
In these equations, p is the mass density, u is the bulk flow velocity, p is thermal pressure, B  is 
the magnetic field vector, /j,0 is magnetic permeability o f free space, y  is the specific heat ratio, and 
wtotal is the total energy density, which can be written as
1 P
wtotal — n pu +  1 ' o
2 Y -  1 2^0
+
1
B 2 (1.6)
Assuming that a plasma flow is in steady-state which implies to be time invariant, all time deriva­
tives are zero so that the set o f ideal MHD equations becomes simpler, and can be rewritten as 
Continuity equation:
V  ■ (pu) =  0 (1.7)
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Momentum equation:
Energy equation:
Maxwell’s equations:
/  b 2 \
p(u ■ V )u  +  V p  +  V  ( - —  ) +  (B  ■ V ) —  =  0
\ 2voJ
b
Vo
V 1 2 , YP
2 ^  +  Y - 1
+  —  B
Vo
A  u ■ b ^' u ------------B
J Vo
V  x  (u  x B ) =  0 
V B  =  0
(1.8)
(1.9)
( 1.10)
(1.11)
If the boundary is one-dimensional, i.e., there are variations only along the boundary normal 
direction (n-axis), then equations 1.7-1.11 can be rewritten as 
Continuity equation:
[pUn] =  0 ( 1.12)
Momentum equation:
Energy equation:
Maxwell’s equations:
pUnu +  { »  +  | o )  n  BnBVo
pun ( I  u2 +  - ^ I P )
\2 Y -  1 p )
2p\ B 2
— | +  un --------- u
Vo
Bn 
B  —
Vo .
[unB t Bnut] — 0
[Bn] =  0
(1.13)
(1.14)
(1.15)
(1.16)
Where the notation [] is the difference between the values o f the quantity on the two sides of the 
discontinuity, subscripts n and t indicate the normal and the tangential components, respectively 
[Kivelson and Russell, 1995]. These conversion relations are known as the Rankine-Hugoniot con­
ditions (shock-jump conditions) that describe the relations between the upstream and downstream 
plasma parameters. The solutions o f Rankine-Hugoniot relations provide the descriptions o f a 
number of different types o f MHD discontinuities and shocks.
Two specific parameters can be used to differentiate between different types o f MHD disconti­
nuities and shocks: the normal velocity component (un) and the density jum p condition across the 
boundary (p). W hen [un] =  0, there is no flow o f plasma across the discontinuity, and when [p] 
=  0, mass density is constant. This classification categorizes discontinuities and shocks into four 
groups: trivial discontinuity, rotational discontinuity, contact discontinuity, and MHD shocks, as 
shown in Table 1.2 [Gurnett and Bhattacharjee, 2005]. The tangential discontinuity occurs when
0
0
0
5
Table 1.2. Categorization o f MHD discontinuities and shocks [Gurnett and Bhattacharjee, 2005]
Un =  0 0ns
[p] =  0 Trivial Rotational discontinuity
[p] =  0 Contact discontinuity Shocks
Table 1.3. Possible Types o f Discontinuities and Shocks in Ideal MHD [Kivelson and Russell, 1995]
Tangential discontinuity
un =  °  Bn =  0
Flow and magnetic field are tangential to the boundary. 
Total pressure is the same on both sides.
Rotational discontinuity
Un =  Bn/(vop) 2 (Walen 
relation)
Field and flow change their directions, but not magnitude (in 
isotropic plasma).
Un and B n are not zero.
Contact discontinuity
Un =  0, Bn = 0
Flow is tangential to the boundary. 
The thermal pressure is continuous.
S h ock s
Un =  0
There is a flow across the discontinuity.
There is a density and temperature jum p across the discontinuity.
Parallel shock B t =  0 0Bn =  0°, magnetic field does not change at shock.
Perpendicular shock 
Bn =  0
dsn =  90°
Plasma density and magnetic field strength increase.
Oblique shocks 
Bt =  0 , Bn =  0
0° <  0Bn <  90°
Fast sh ock : Magnetic field strength and plasma pressure in­
crease; magnetic field bends away from the shock normal.
S low  sh ock : Magnetic field strength decreases; plasma pressure 
increases; magnetic field bends towards the shock normal.
Bn =  0 and un =  0, which is a special case o f the contact discontinuity.
Shock waves are characterized by a non-zero flow and a density jum p across the discontinuity. 
Shocks can be further classified by their local geometry using dBn, which is the angle between the 
magnetic field and the shock normal upstream [Kallenrode, 2004]. The Earth’s bow shock, other 
planetary bow shocks, and most traveling interplanetary shocks in the solar wind are fast shocks. 
Table 1.3 shows the classification o f MHD discontinuities and shocks and their characteristics based 
on the behavior o f the un and B n.
1.3 E a r th ’s M a g n e to sp h e re
The Earth’s magnetosphere is shaped when the continuous flow o f solar wind interacts with the 
Earth’s dipolar magnetic field. The magnetized solar wind plasma sweeps around the Earth’s 
magnetic field, forming a bullet shaped magnetic cavity. The shape of the Earth’s magnetosphere 
is distorted and its size varies depending on the solar wind conditions. The solar wind exerts 
pressure on the dayside Earth’s magnetosphere and stretches the magnetic field on the nightside,
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forming the magnetotail. The Earth’s magnetosphere contains the following key parts: the bow 
shock, magnetosheath, magnetopause, magnetotail, polar cusps, plasmasphere and radiation belts 
(see Figure 1.2). Some o f them will be discussed in this section. The Earth’s magnetosphere is filled 
with several large scale current systems (gray arrows) shown in Figure 1.3. These electric currents 
are the results o f the complex interaction between the Earth’s magnetic field and the solar wind. 
In this section, I will briefly review the dayside magnetopause current and the cross-tail current.
1 .3.1 T h e  B o w  S h ock
The Earth’s bow shock is a collisionless standing shock, which is formed when the solar wind 
traveling at superfast speed encounters the Earth. The shock wave slows down the solar wind, 
which is then diverted around the Earth’s magnetic field due to the frozen in magnetic field. The 
location, shape, and size of the bow shock vary depending on solar w ind/IM F conditions. Farris 
and Russell [1994] provided a bow shock model in which the bow shock standoff distance is governed 
by the Mach number and the size and shape of the magnetopause.
The average distance to the most sunward tip of the bow shock is approximately 15 R E and 
the average distance to the bow shock in the dawn-dusk side is about 25 R E, though there is a 
dawn-dusk asymmetry [FairfieJd, 1971]. The bow shock on the dayside has a fairly elliptical body 
shape with an extended tail region on the nightside.
1 .3 .2  T h e  M a g n e to p a u se
The magnetosheath is the transition layer between the bow shock and the magnetopause. The 
solar wind is slowed down in the magnetosheath, where kinetic energy is converted to thermal and 
magnetic energy, thus the plasma in this region is hotter, denser and slower than the solar wind.
The magnetopause is a boundary which separates the shocked solar wind in the magnetosheath 
from the terrestrial magnetic field and plasma (magnetospheric region). The magnetopause can be 
represented as either a tangential or rotational discontinuity. W hen the IMF is northward directed, 
a larger part of the dayside magnetopause is likely a tangential discontinuity (Un =  0 and Bn =  0, 
see table 1.3). The coupling between the solar wind and the terrestrial magnetic fields is small, since 
the solar wind plasma and magnetic field cannot penetrate into the Earth’s magnetosphere. This is 
called a closed terrestrial magnetosphere. W hen the IMF points southward, the magnetopause can 
be approximated as a rotational discontinuity (Un =  0 and Bn =  0). For southward IMF, there is a 
flux of plasma across the magnetopause which allows the penetration o f solar wind into the Earth’s 
magnetosphere. In these conditions, the magnetosphere is called an open magnetosphere [Gurnett 
and Bhattacharjee, 2005]. Observations of the magnetopause thickness show that it varies from 1 
to 20 ion gyroradii (100-2000 km).
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Figure 1.2. Sketch o f the Earth’s magnetosphere in the noon-midnight meridian. (This figure is 
from http://space.rice.edu/IM AG E/livefrom /sunearth.htm l.)
Figure 1.3. Main current systems in and around the Earth’s magnetosphere [Baumjohann and 
Treumann, 1996].
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The location o f the magnetopause is defined as an equilibrium between the total pressure (dy­
namic, thermal and magnetic pressure) o f the solar wind (subscript, sw) and the total pressure of 
the magnetosphere (subscript, sp),
B2 B2B sw =  p +  B sp 
2m  =  P’ p +  2« ,
Psw vSw cos20 +  Psw +  =  Psp +  7 ( 1 . 1 7 )
where d is the angle between the solar wind and the normal direction on the magnetopause. Inside 
the magnetopause, the total pressure is dominated by the Earth’s magnetic pressure and thus the 
thermal pressure can be ignored. Outside the magnetopause, the solar wind dynamic pressure 
contribution dominates. b 2
pswvlw cos20 =  sphere (1.18)
2V0
The component o f solar wind dynamic pressure normal to the magnetopause is balanced by the 
magnetic pressure inside the magnetopause.
B 2
nsw m v2cos2d =  sphere (1.19)
2Vo
The stand-off distance o f the magnetopause (R mp) can be calculated by using the image dipole 
model o f the Earth’s magnetic field.
B r 3
Bsphere =  X 2 ( 1.20)
Rmp
n m v2 cos2a =  ( 2B oR E ) 2 i2i. =  2B 0R E ( 1 21)n sw m vswcos a =  ( r 3 ) / 2V0 =  "  (1 .21)
R mp M0 Rmp
Rmp =  ( ------------2"°-----2a) 1  R e  (1.22)H0nmv2w cos2 a
W hen n =  5 cm - 3, vsw =  400 km /s, B 0 =  3x104 nT, and d =  0, the stand-off distance o f the
magnetopause (R mp) is about ~  10 R E [Gombosi, 1998]. The stand-off distance varies from around
4.5 R e  to 20 R e  in the meridional directions [Fairfield, 1971]. The stand-off distance, the size, and 
the shape o f the magnetopause depend on the solar w ind/IM F conditions.
Ferraro [1952] proposed a simple model o f the magnetopause current based on charged particle 
dynamics (Figure 1.4). W hen the solar wind encounters the Earth’s magnetic field, solar wind
particles are turned around by the Lorentz force (F  =  q(E  +  v  X B )) . Since Lorentz force
depends on the charge, protons and electrons gyrate in opposite directions around the magnetic 
field. Protons gyrate in a left-handed sense, whereas electrons gyrate in a right-handed sense. The
9
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Figure 1.4. A  sketch illustrating the formation o f the magnetopause current [after Ferraro, 1952].
ions penetrate deeper into the magnetopause than electrons, since the ion inertial length (rLp) is 
much longer than the electron inertial length (rEe). Thus the thickness o f the current sheet depends 
on the ion gyroradius (Larmor radius, rg =  ). The relative motion o f electrons and ions forms
the magnetopause current (J y ) which flows downward in Figure 1.4 [after Ferraro, 1952]. The 
Chapman-Ferraro current [Ferraro, 1952] is the magnetopause current flowing from dawn to dusk 
in the equatorial plane.
1.3 .3  T h e  M a g n e to sp h e r ic  B o u n d a ry  Layers
The magnetospheric boundary layers are regions of the magnetosphere just inside the magnetopause 
and are influenced by the magnetosheath plasma. There are three types o f boundary layers dis­
tributed over the magnetopause: the low latitude boundary layer (LLBL), the polar cusps, and the 
plasma mantle. The LLBL is the dayside boundary region located earthward of the magnetopause 
and extends from dayside to nightside along the flank (Figure 1.5, green region). This region con­
tains a mixture o f the magnetosheath and the magnetospheric plasma. The LLBL is found both
10
•  low-energy ions
Figure 1.5. Schematic sketch o f the magnetospheric boundary layer (left) such as the cusp, the 
plasma mantle, and low latitude boundary layer (LLBL) and zoom-in the left figure. (This figure 
is from http://m agbase.rssi.ru /R E FM A N /SPPH TE X T/blayer.htm l.)
on open and closed field lines over most o f the dayside magnetopause.
Chapman and Ferraro [1931] proposed the existence o f the regions o f null magnetic field in 
both the northern and southern hemispheres, known as the polar cusp. It was first observed from 
the ISIS 2 mission in 1971 [Heikkila and Winningham , 1971]. The cusp is a funnel-shaped region 
located in the high-latitude o f both hemispheres, which is marked by the gray shading in Figure
1.5 (right). The location o f the polar cusp varies depending on the solar w ind/IM F conditions, 
especially solar wind dynamic pressure and IMF direction. Zhou et al. [2000] found that the cusp 
is generally located somewhere 70°-80° in invariant latitude. The solar wind plasma can directly 
penetrate into the Earth’s magnetosphere along open field lines emanating from the polar cusp 
region. Therefore, it contains both magnetospheric and magnetosheath plasma since the magnetic 
field lines in the cusp connect to all regions of the magnetosphere. Sibeck et al. [1999] showed 
that the cusp region is independent of the IM F direction and continuously open to the solar wind 
plasma. The dayside auroral precipitation occurs in this region.
The plasma mantle is the extending region poleward o f the cusp region which covers much of 
the high-latitude magnetosphere as shown in Figure 1.5 (cross section). The high-energy ions (red 
dots) convect further across the magnetic field lines, whereas low-energy ions (blue dots) go deeper 
into the magnetosphere since the low-energy ions take a longer time to mirror from the ionosphere
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to the magnetosphere. The plasma density in this region varies from 0.01 to 1 cm - 3 , temperature is 
about 100 eV, and the tailward flow velocities 100-200 km /s [Rosenbauer et al., 1975]. The density 
and energy of the magnetosheath plasma often decrease in the mantle as moving inward from the 
magnetosheath towards the magnetosphere, known as a gradual transition region. This region is 
thicker during southward IM F than during northward IMF.
1.3 .4  T h e  M a g n e to ta il
The Earth’s magnetotail is formed by extending the magnetic field from the cusp to hundreds of 
Earth radii on the nightside. It consists o f the plasma sheet, a region of closed field lines located 
around tail mid plane, and the tail lobe originating from high latitude open field lines at the polar 
cap. The plasma sheet maps down to the auroral oval in the nightside. The polar cap region has 
open field lines that sweep over the nightside and closed inside the tail and close to the Earth. This 
region is located at the higher latitudes over ~70° [W eim er et al., 1992]. The magnetotail is the 
region o f storage and release magnetic energy.
In the magnetotail, there is a cross-tail current which flows from dawn to dusk across the plasma 
sheet. The cross-tail current separates the southern and northern lobes. It closes through the 
magnetopause current. Part o f the tail current closes via field-aligned current which flows parallel 
to the magnetic field into the ionosphere. This provides a coupling between the magnetosphere and 
the ionosphere.
1.3 .5  T h e  P la sm a sp h ere
Plasma in the Earth’s magnetosphere comes from two major sources: solar wind and the ionosphere. 
Figure 1.6 shows a schematic diagram of the low-energy ions, including sources, outflow rates, 
densities, and percentages o f the time that the populations dominate outside the ionosphere and 
plasmasphere. It shows that the low-energy ions (less than tens o f eV) contribute most o f the 
volume of the Earth’s magnetosphere at least 50-70 % o f the time [Andre and Cully, 2012].
The plasmasphere, an extension o f the mid-latitude ionosphere, is a region located in the dipolar 
portion o f the Earth’s magnetosphere. It is populated by cold (few eV) and dense (102-1 0 4 cm -3 ) 
plasma existing on closed field lines and is co-rotating with the Earth. The plasmaspheric particle 
motion is given by combining the corotation potential and the convection potential. Figure 1.7 
shows low-energy particle drifts in the equatorial magnetosphere. The solid lines depict the corota- 
tional particle motion. The dashed lines are the convecting particle drift paths. On the dawnside, 
the corotation and convection electric fields point in the same direction and the plasma drifts sun­
ward. On the duskside, however, the corotation and convection electric fields point in the opposite 
direction which generates the bulge in the closed drift region, as shown in Figure 1.7. There is one
12
3-40 cm-3 ~70%
-20%
Figure 1.6. Low-energy populations o f the ionospheric and plasmaspheric origins, order o f magni­
tude outflow rates and densities, and percentage o f the time that the low-energy ions dominate in 
the magnetosphere [Andre and Cully, 2012].
point (stagnation point) on the duskside where the electric field or the drift velocity is zero. The 
boundary o f the trapped plasmaspheric population is called the plasmapause, which is typically 
found between 3 and 6 R E. The plasmasphere shrinks in size for strong sunward convection electric 
field. Observations show that the size of the plasmasphere varies with geomagnetic activity, for 
example, the smaller size of the plasmasphere is observed during times o f higher geomagnetic ac­
tivity. Under steady state conditions, when the strength o f sunward convection suddenly increases, 
particles that originally located on the outermost closed drift region suddenly find themselves on 
open convective paths and they move towards the dayside magnetopause [Grebowsky, 1970]. This is 
called the plasmaspheric plume. There is a limitation o f the basic assumption in view o f the outward 
motion of plasmaspheric ions. The particle drift paths caused by the superposed corotation and 
convection electric fields require a steady state condition. However, significant sunward convection 
may occur after the substorm (especially, after the onset o f substorm expansion), which is a non­
steady phenomenon. In addition, injection o f higher energy particles into the inner magnetosphere 
is not considered in this simple model.
Figure 1.8(a) shows the Earth’s plasmasphere on 24 May 2000 by the IM AGE extreme ultraviolet 
(EUV) imager [Sandel et al., 2003]. As shown in Figure 1.8(a), the plume extends sunward from the 
eroding nightside plasmasphere. The plasmaspheric plumes are large-scale density structures that 
are connected to the main body o f the plasmasphere and extended to the outer magnetosphere. 
Figure 1.8(b) shows observations o f the cold and dense plasmaspheric plume using simultaneous
13
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Figure 1.7. The sketch illustrates the low-energy particle drifts in the equatorial plane of the 
magnetosphere. The dashed lines depict sunward convective flow (or E x B  drift), perpendicular 
both to the Earth’s magnetic field and to the dawn-to-dusk electric field (E ) in the equatorial plane. 
The thick solid lines depict corotating plasma flow. Plasmapause is the boundary separating the 
convective and corotational flow [Kavanagh et al., 1968].
ground-based total electron content (TEC) maps and measurements from the THEMIS spacecraft 
[Walsh et al., 2014]. Walsh et al. [2014] showed that when a coronal mass ejection (CM E) impacted 
the Earth’s magnetosphere on 17 January 2013, the storm-enhanced density (SED) plume was 
extended sunward as streaming out from the inner magnetosphere to the magnetopause.
1.4 T h e  Ion osp h ere
Low-energy plasma o f ionospheric origin with energies below tens o f eV is a significant source of 
magnetospheric plasma population. The Earth’s ionosphere is a region of the Earth’s upper atmo­
sphere that is formed by interaction between the Earth’s atmospheric neutral gases and ionizing 
solar ultra-violet (UV) radiation and precipitating magnetospheric plasma. It extends approxi­
mately from 70 km to 1500 km in altitude. The ionosphere consists o f the four different layers (D, 
E, F i and F 2 layers) which are defined by density profiles o f the dayside ionosphere. The D layer 
is located below 90 km altitude, the E layer is located between 90 km and 130 km, the F 1 layer 
from 130 km to 200 km, and the F 2 layer extends above 200 km altitude. The electron density 
peaks in the F2 layer at about 250 km. O+ and NO+ ions are major species in the E layer and 
their densities peak at about 110 km. O+ ions dominate above 200 km. The composition o f the 
ionosphere is controlled by the structure, composition, and temperature o f the thermosphere and 
also influenced by geomagnetic activity.
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Figure 1.8. (a) The image o f plasmasphere observed on 24 May 2000 by EUV, showing that the 
plasmaspheric erosion from the nightside plasmasphere causes a dayside plume [Sandel et al., 2003]. 
(b) Total electron content (TEC) measurements projected onto the equatorial plane showing that 
the extended storm-enhanced density (SED) plume with trajectories o f the THEMIS spacecraft on 
17 January 2013 [Walsh et al., 2014].
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Figure 1.9. (a) Schematic diagram of plasma signatures (blue) and outflow mechanisms (red) in 
the polar magnetosphere o f the Earth [Sandel et al., 2003], (b) flow chart showing the mechanisms 
for generating ionospheric outflows [Strangeway et al., 2005]. r is the corresponding correlation 
coefficient.
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Particle precipitation and electromagnetic magnetospheric energy inputs to the ionosphere can 
heat the ionosphere and cause ions to flow outward from the ionosphere. This process is called 
the ionospheric outflow. There are several different mechanisms for the ionospheric outflow in 
the high-latitude ionosphere. These mechanisms can be sorted into two categories: bulk ion flows 
and suprathermal ion outflows [Yau and A ndre , 1997]. The bulk ion flow comes from the topside 
auroral and polar cap ionosphere and include the polar wind and auroral bulk ion up-flow. The 
ion flows in this category acquire a bulk flow velocity. The bulk ion flows have energies up to a 
few eV. The polar wind can be generated by an ambient plasma pressure gradient and ambipolar 
electric field, primarily along the open field lines in the polar ionosphere at lower altitudes. The 
light thermal electrons are not as strongly bound by gravity as ions and can diffuse upward to 
higher altitudes than ions. This generates a transient upward pointing electric field. The ions can 
be accelerated upward in order to achieve quasi-neutrality. Auroral bulk ion up-flow is dominated 
by O+ ions. Auroral bulk ion up-flow is driven by soft electron precipitation and convection-driven 
Joule heating. The frictional heating o f ionospheric ions in collisional regions below 300 km drives 
enhanced both perpendicular and parallel ion temperatures. This increases the upward pressure 
gradient. The ions can flow to the higher altitudes to balance this gradient [Yau and Andre , 1997].
The second category o f the suprathermal ion outflows includes ion beams, ion conics, trans­
versely accelerated ions, and upwelling ions. This category involves ion energization process where 
only a fraction o f the ions is accelerated to higher energies. Both ion beams and conics are dom ­
inated by H+ and O+ ions with the energy range from 10 eV to a few keV, which are a common 
phenomenon above 1 R® altitude. Both parallel electric field and magnetic folding play an impor­
tant role in the formation o f ion beams at high altitudes. The ion beams have a peak flux along 
the upward magnetic field direction. In contrast, ion conics have a peak flux at an angle to the 
field direction. The ion conics are caused by the downward Poynting flux, soft electron number 
flux, and extremely low frequency (ELF) wave amplitude. Transversely accelerated ions are corre­
lated with the resonant energization by broadband low-frequency waves in the ion gyrofrequency 
range and waves near the lower hybrid frequency. The transversely accelerated ions have a peak 
flux perpendicular to the magnetic field (~90° pitch angle). Upwelling ions are generated by both 
parallel (upward) and perpendicular energization and have energies from one to tens of eV [Yau 
and A ndre , 1997].
Figure 1.9 shows (a) plasma signatures (blue labels) and (b) energization mechanisms (red 
labels) for the Earth’s ionospheric outflows in the polar regions. The ionospheric source regions can 
be classified into four categories: the auroral zone, the cleft ion fountain, the polar cap energetic 
outflow, and the polar wind [Chappell et al., 1987]. The auroral zone is a source o f a relatively 
energetic magnetospheric plasma (10 eV to 10 keV). The ion outflow populations are caused by
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the energization o f ions both parallel and perpendicular to the magnetic field in auroral electron 
precipitation regions. The low-energy (<  100 eV) H+ and O+ ions were originated from the dayside 
polar cusp region, and this source has been coined as the dayside ion fountain [Lockwood et al., 
1985]. The intermediate energy population (10-100 eV) from polar arcs within the open magnetic 
field region, called the polar cap, is the polar cap outflow. The polar wind is a source of the unique 
low-energy (a few eV) outflow from all latitude above 51° invariant latitude, overlapping with both 
the auroral zone and polar cap regions [Chappell et al., 1987].
Two main mechanisms for generating ionospheric outflows are shown in Figure 1.9(b). Poynting 
flux (left hand side), which is the flow o f electromagnetic energy, results in ion frictional heating, 
which increases the ion scale height. Electron precipitation (right hand side) heats ionospheric 
electrons and therefore increases the scale height through the ambipolar electric field. The upper 
portion o f Figure 1.9(b) shows the observations measured by Fast Auroral Snapshot Explorer 
(FAST) at altitudes o f 350-4175 km and the lower half o f the diagram is the inferred processes that 
can be seen to occur at lower altitudes [Strangeway et al., 2005].
Fuselier et al. [1989] observed O+ population in the dayside subsolar low latitude boundary 
layer from the A M PTE /C harge Composition Explorer (A M P T E /C C E ). The O+ population is a 
dense and field-aligned flow, which suggests that it directly comes from the high-latitude ionosphere 
to reach the dayside boundary layer.
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C h a p te r  2
In tro d u ct io n  to  D y n a m ic  P ro ce sse s  in th e  S o la r-T errestr ia l S y stem
2.1 M a g n e tic  R e c o n n e c t io n
There are several mechanisms for the transfer o f mass, momentum and energy from the solar wind to 
the terrestrial magnetosphere: magnetic reconnection, Kelvin-Helmholtz instability, diffusion, finite 
larmor radius effect, impulsive penetration and direct entry via cusp. The dominating mechanism 
for the transfer o f plasma across the magnetopause is the magnetic reconnection. Reconnection 
occurs not only at the Earth’s magnetopause, but also in the magnetosheath, the magnetotail, 
the solar wind and at other planets [Borg et al., 2005; Gosling et al., 2007; RetinO et al., 2007]. 
I will briefly review the basic concept o f the magnetic reconnection, reconnection models (both 
MHD reconnection model and kinetic treatments), and characteristics o f reconnection process at 
the magnetopause and in the magnetotail in this chapter.
The basic concept o f magnetic reconnection at the dayside magnetopause has been proposed by 
Dungey [1961]. Magnetic reconnection is a process in which the magnetic topology is rearranged 
as illustrated in Figure 2.1. Antiparallel magnetic field lines are frozen into the plasma at t <
0. This magnetic topology exists in thin current sheet such as at the Earth’s magnetopause and 
in the magnetotail neutral current sheet. When two oppositely directed magnetic field lines move 
toward the current sheet together with inflowing plasma from both sides, these opposing field lines 
cross-link (t =  0). This results in the X -type reconnection configuration. The magnetic field is 
zero at the center o f the X -point (the magnetic neutral point). The field lines on both sides are cut 
into halves and the half-field line from one side is reconnected with that from the other side at the 
X -point. This reconnection process also allows a mixture o f plasma from both sides o f the current 
sheet. The newly reconnected field lines straighten out and move away from the neutral point (t >  
0). The magnetic energy stored in the original oppositely directed fields is converted into kinetic 
energy, thermal energy, and particle acceleration through the reconnection process.
t <0  t = 0 t>0
Figure 2.1. Schematic o f the evolution o f a 2-D magnetic reconnection configuration [Baumjohann 
and Treumann, 1996].
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2.1 .1  M H D  R e c o n n e c t io n  M o d e ls
The earlier magnetic reconnection models have used a magnetohydrodynamic (MHD) description. 
The MHD reconnection models assume that the resistivity breaks down the frozen-in condition, 
which is a necessary condition for the magnetic reconnection to occur. The resistive MHD equations 
can be rearranged in the form of the magnetic induction equation (or dynamo equation) that gives 
information o f the time evolution of the magnetic field. In a simple electrically conducting fluid, 
the general induction equation for the magnetic field is written as
d B  1
—  =  V  x (u  x B ) + --------- V 2B  (2.1)
dt Ho a
which is obtained from Ohm ’s law,
E +  u x B  =  nj (2.2)
and Faraday’s law,
d B
- = e  m
where j  is the electrical current density, n is the magnetic viscosity (n =  __o), a  is the electrical 
conductivity, ho is the magnetic permeability in free space, u is the average plasma velocity perpen­
dicular to the magnetic field, E  is the electric field, and B  is the magnetic field. The first term on
the right-hand side of equation 2.1 is called the convection term, which indicates that the magnetic
field is induced and constantly maintained by convection in the plasma fluid, thus frozen-in. The
second term on the right-hand side of equation 2.1 involves the plasma conductivity (a ), is called 
the diffusion term. If the plasma conductivity (a ) is finite the magnetic field can be changed by 
diffusion.
The relative importance o f the two terms, convection and diffusion, on the right-hand side o f the 
induction equation 2.1 can be investigated by the ratio between the convective and diffusive terms. 
This ratio can be rewritten as the characteristic speed u and length scale L of the configuration of 
the fluid by assuming V  1 /L .
~  uB/L  (2 4 )
| _1_ V 2B  | ~  - ± - B ( . )
1 _o _ 1 _o_ L2
This leads to the definition of the Magnetic Reynolds Number (R m),
Rm =  HoauL (2.5)
In most regions o f space plasma, the Magnetic Reynolds number is very large (R m »  1), such as 
the solar wind, and therefore the magnetic field can be considered to be frozen-in to the fluid. The
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Magnetic Reynolds number approaches unity.
l 0auL  =  1 (2 .6)
The length scale L, which is defined as the current sheet thickness, is determined by a balance 
between diffusion and convection at the edges of the current sheet. The current sheet thickness can 
be written as
L =  —  (2.7)
lo a u
However, the frozen-in condition sometimes breaks down in small localized regions to allow magnetic 
reconnection to occur. If the length scales are sufficiently small, the conductivity is low so that 
diffusion becomes important. Thus, reconnection can occur and rearrange the magnetic topology.
Sweet [1958] and Parker [1957] first proposed the stationary two-dimensional magnetic recon­
nection model shown in Figure 2.2(a). In their model there is a rectangular box with 2L long and 25 
wide, where L »  5 (which is a diffusion region), that is shown shaded. The length o f the diffusion 
region is o f macroscopic scale and the width is estimated by the local resistivity. For simplicity, 
the inflow and outflow regions are identified by subscripts in and out, respectively. As stationary 
condition requires constant electric fields E  inside and outside the current layer, the rate o f flux 
change is given by
vin B in =  VoutB out =  E  (2 .8)
The flow is assumed to be incompressible (V  • v =  0), that is, pin =  pout =  p, then mass flux is 
conserved.
VinL =  vout5 (2 .9)
The electromagnetic energy inflowing into the diffusion regions is converted into the kinetic energy 
gained by the outflowing plasma. The Poynting flux provides the electromagnetic energy inflow 
rate per unit area.
| s  |=| E  x H  |= —  =  VinB^  (2.10)
l o  l o
The rate o f kinetic energy gain per unit area in the incident flow is obtained from the changing the 
mass flowing in per unit area per unit time.
A W  =  2 pvin(vout -  vin) (2 .11)
Equating between the rates of kinetic energy and electromagnetic energy and using vout »  vin give
vinB 2 1 2
  =  -  Pvinvout (2 .12)lo  2
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so
PvoutB     (2 13)
2jo  = 2  ( . )
The outflow speed can be written as
vout =  —=  =  Va  (2.14)
VVoP
This outflow speed is called the Alfven speed (Va). Va  is the speed of motion o f the Alfven wave 
which propagates along magnetic field lines.
Equations 2.8 and 2.9 state that if L  »  5, then vout »  vin and B in »  B out. Thus, the kinetic 
energy of the outflowing plasma is much larger than the inflowing rate of kinetic energy, whereas the 
outflowing magnetic energy is much smaller than the inflowing magnetic energy, when considering 
the energy balance. This indicates that magnetic energy is dissipated and converted into kinetic 
energy (plasma bulk flow energy and thermal energy) during the reconnection process.
The efficiency o f the reconnection can be estimated by the magnetic reconnection rate that can 
be defined as the inflow speed into the reconnection site,
1
vin =  T  (2.15)o j 0a
1 5 1 1 
=  o jo a  v w  l )  =  '’o'* j a L = v°" ‘ ja v A  (2-16)
Thus, the dimensionless reconnection rate can be written as
vin 1 1
—  =  — =  ^  (2.17)
vout y J0aLVA V S
where S (=  j 0aLVA) is Lundquist number that is a Magnetic Reynolds number based on the Alfven 
speed. The frozen-in condition is broken down in this region where the magnetic field lines diffuse 
and reconnect.
The Magnetic Reynolds number in all solar-system plasmas is very large so that the magnetic 
reconnection rate given by Sweet-Parker model is too slow to explain the rapid energy release such 
as solar flares. Figure 2.2(b) shows a Petschek’s reconnection model [Petschek , 1964]. The length 
o f the diffusion region o f Petschek’s model is much shorter than that o f Sweet-Parker’s model. Note 
that a much shorter and thinner diffusion region allows for the faster reconnection rate. The plasma 
does not have to flow through the diffusion region to be accelerated. It can be accelerated by slow 
mode shocks (dashed lines) that are connected to the diffusion region (shaded region). This allows 
a fast enough reconnection rate to explain many observations in terms o f magnetic reconnection
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Figure 2.2. Configurations o f the (a) Sweet-Parker and (b) Petschek’s magnetic reconnection models 
[Comisso and A sen jo , 2014]. The inflow and outflow regions are indicated by subscripts in  and 
out. The magnetic diffusion regions with length 2L and width 2a are shaded. The dashed lines 
indicate the slow mode shocks.
such as the solar flares.
Both the Sweet Parker and Petschek models describe symmetric reconnection with two identical 
inflow regions. This description is suitable for some cases, such as reconnection in the Earth’s 
magnetotail, however, plasma and magnetic field parameters in the two inflow regions are quite 
different at the magnetopause. The plasma density on the magnetosheath side at the Earth’s 
dayside magnetopause is much higher than that on the magnetospheric side and the magnetic 
field strength on the magnetosheath side is usually smaller than that on the magnetospheric side. 
Cassak and Shay [2007] did a Sweet-Parker type scaling analysis for the asymmetric antiparallel 
reconnection by using the laws o f conservation o f mass, energy, and magnetic flux (Figure 2.3). The 
resulting scaling laws for asymmetric reconnection including the reconnection rate (E ), the outflow 
speed (vout), and the outflow number density (nout) are written as functions o f the asymmetric 
upstream magnetic field strengths and densities [Cassak and Shay, 2007].
E  ~  ( B r k ) ( v u ) ( L )  (2-18)
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Figure 2.3. Schematic geometry o f the diffusion region during asymmetric reconnection [Cassak 
and Shay, 2007]. The subscripts o f “ 1” , “2” , and “out” represent values of inflow regions on either 
side o f the diffusion region and values for the outflow region, respectively.
uout
nout
B 1B 2
^0m nout
u iB 2 +  u2B i
(2.19)
(2.20)
B i +  B 2
Where B  is the magnetic field, m  is the particle mass, n is the number density, 5 is the half-width, 
and L is the half-length of the dissipation region. The subscripts 1, 2, and out indicate each side 
o f the current sheet and outflow region, respectively. The reconnection rate decreases as density 
increases.
One way to predict the efficiency o f reconnection is monitoring the outflow speed in the exhaust 
region, although it does not provide the reconnection rate quantitatively. For a rotational discon­
tinuity at the magnetopause, the outflow (vout) is a hybrid Alfven speed (Va ) which depends on 
the magnetic field strengths and plasma densities on both sides o f the magnetopause [Cassak and 
Shay, 2007],
Va =  , I BmBs(Bm  +  Bf L  (2.21)
Y V0(pmB s +  psB m)
where p is the mass density (nm ), the subscripts o f m  and s represent the values on the magneto- 
spheric side and the magnetosheath side of the magnetopause, respectively.
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2.1 .2  K in e t ic  T rea tm en ts
The MHD description of the reconnection is quite accurate at large scales. However, there are some 
phenomena that the resistive MHD reconnection model cannot describe such as sudden onsets of 
the magnetic reconnection during magnetic substorms and energetic electron being released during 
magnetic reconnection. The non-MHD effects are important at scales comparable to or smaller 
than the ion inertial length (c/wpi). The generalized Ohm ’s law must be taken into account in 
order to understand non-MHD effects [Drake, 1995].
The generalized Ohm ’s law is written as
1 1
E  — - v  x B  +  nj +------ j  x B --------- Vpe +-----2
en en
§  +  V .  (j u +  Uj) (2.22)
where n is resistivity. Generalized Ohm’s law describes four possible processes that can break down 
the frozen-in condition so that reconnection can occur. The terms on the right-hand side o f the 
generalized Ohm ’s law are the motional electric field, resistivity, Hall term, electron pressure, and 
electron inertia, respectively. Each o f these terms is associated with a scale length and that term is 
important when the typical length scale of a system L is comparable to or smaller than that scale 
length. The scale length o f each term can be computed by letting each term comparable to the 
motional electric field term (v  x B ) [Priest and Forbes, 2000].
For the resistive term nj, assuming V  ^  1/L and |j| B/(^oL),
B
L can be solved,
n
VoL
V B
Lresistive VqV
— Ar
(2.23)
(2.24)
For the Hall term — j x B,en  ^ *
solving for L,
L Hall
B
en^0L
V B
B mi 1 Va  m,iC2eo 1 Va  c Va  AI — m
V H0n e V  V ■
where
en^0L e V ^ n ^ 0 yjii0nm i y /i
Ai — —
n e V  wpi V  M
w.pi
(2.25)
(2.27)
is the ion inertial length (or ion skin depth), wpi is the ion plasma frequency, and M  is the Alfen
n
25
m  — Va  (2-28)
For the electron pressure term -1 V pe , assuming pe — nkBTe,
nkB Te 
enL
L can be solved,
Mach number,
V B  (2.29)
Lpressure ~  fr n  (2 .30)ev B
Assuming Te — Ti , Lpressure can be rewritten as
L
_  kBTe _  y/kBTe VA V kBTi — \JkBTe/mi V ^ k B T m  _  nkBTe V ^ k B T m
'pressure — eV B  & Va V  eB  — B  / ^ 0 p  v  eB  Y B 2/^ 0 V  eB
(2.31)
3  V 2
Lpressure ~  “M  Rgi (2 .32)
where 3  is the plasma beta,
B 2/2^0
and Rgi is the ion gyro-radius,
3  — (2.33)
Rgi — ^  (2.34)
Assuming V  — a /3kBTi/2mi — Vthermal, Lpressure can be rewritten as
L _  kB Te — mi kB Te ^  ^ A b  T e / m ^  kB Ti/mi ^  sjkB  Te/mi — r (2 35)
Lpressure ~  r,  ~  ~  — rci (2 .35)eV B  eB  m v  wci V  wci
where rci — ^ kBW e /—  is the effective ion Larmor radius.wci
For the electron inertial term,
me
n e2 § + V (j u + u j )
1 dj
e0wpe dt
(2.36)
assuming d/dt — V/L, this term can be rewritten as
1 V B  c2 V B
€0wpe H0L 2 wpe l 2
V B  (2.37)
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L can be solved,
c
Linertia ~  — -^e (2 .38)wpe
where wpe is the electron plasma frequency and Ae is the electron inertial length or electron skin 
depth.
The last four terms on the right-hand side o f equation 2.22 are associated with four characteristic 
scale lengths: the ion inertial length Xi — c/wpi, the electron inertial length Ae — c/wpe, the effective 
ion Larmor radius rci — (nBTe/mi) l/2/wci, and the resistive scale length \res — ^ /^ 0|v|. Magnetic 
reconnection can occur when the thickness o f the current sheet is comparable to a characteristic scale 
length. Theoretically, reconnection can be initiated either by resistive or collisionless mechanisms. If 
the resistive scale size (Ares) is smaller than the ion inertial length, collisionless effects are dominant. 
Collisions and resistivity can be ignored when the reconnection layer (current layer) is comparable 
to the ion inertial length. This reconnection is regarded as a collisionless process [Drake, 1995; 
Shay et al., 1999].
When the reconnection layer width is comparable to the ion inertial length, the Hall term is 
important. Ions decouple from the magnetic field at the ion inertial length while the magnetic 
field lines are still frozen-into the electron fluid. Electrons decouple with the magnetic field at 
the electron inertial length. Since the ion inertial length is much longer than the electron inertial 
length, the ions are first unmagnetized (at the larger ion scale length) while the electrons are still 
coupled to the magnetic field. The separation between ions and electrons produces a system of 
currents, namely, the Hall current system. The Hall current induces a quadrupolar out-of-plane 
magnetic field pattern (B y) near an X-type neutral line.
Figure 2.4 shows the schematic configuration o f the Hall current system [0ieroset et al., 2001]. 
The shaded orange area shows the ion diffusion region and the electron diffusion region is marked 
by the small grey box. The ^-component o f the coordinate system is directed towards the Sun, y  is 
the out-of-plane direction, and z direction is the normal component to the current sheet. Top and 
bottom  regions are referred to as the upstream regions (or the inflow regions). Left and right regions 
are referred to as the downstream regions (or the outflow regions). There are reconnected field lines 
(curved black lines) and plasma outflow (red arrows) in the downstream region. The upstream and 
downstream regions are separated by the separatrix which are the magnetic field lines connected to 
the X-line. The oppositely directed field lines from top and bottom  reconnect at a distance o f the 
order o f the ion skin depth (c/wpi) from the X-line. 0 ieroset et al. [2001] reported that a bipolar 
signature in the y-component o f the magnetic field (B y) was observed by the W ind spacecraft as 
traveling from the region of Earthward jets to the tailward jet region. The observation o f the Hall 
magnetic field signature during magnetotail reconnection indicates that magnetic reconnection can
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Figure 2.4. Schematic configuration of the Hall current system in the magnetotail [0ieroset et al.,
occur in the absence o f a collisional resistivity.
2 .1 .3  M a g n e tic  R e c o n n e c t io n  at th e  M a g n etop a u se
Magnetic reconnection in the Earth’s magnetosphere can occur at the dayside magnetopause as 
well as in the magnetotail. Figure 2.5 shows a simple configuration of magnetic reconnection in an 
open magnetosphere model proposed by Dungey [1961]. The solid lines are interplanetary magnetic 
field lines (blue) and geomagnetic field lines (red). The closed geomagnetic field reconnects with 
the interplanetary magnetic field during periods o f southward IMF at the dayside magnetopause. 
The reconnected Earth’s magnetic field lines (purple) become open field lines and charged particles 
from the solar wind can penetrate into the Earth’s magnetosphere. This also allows transport of 
mass, momentum, and energy from the solar wind to the Earth’s magnetosphere.
During northward IMF, the magnetosheath magnetic field (tailward) and the terrestrial mag­
netic field (sunward) are antiparallel in the high-latitude region (beyond the polar cusp) and mag­
netic reconnection can occur there. Figure 2.6 illustrates the case when the reconnection occurs at 
Earth’s high-latitude in the northern hemisphere [Frey et al., 2003]. The magnetosheath plasma is 
accelerated in both tailward and sunward directions, as marked by the red arrows. The plasma of 
the magnetosheath origin can penetrate tailward into the low altitude and can also be found deep 
within the polar cap region during the reconnection.
2001].
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Figure 2.5. The configuration o f an open magnetosphere as proposed by Dungey [1961] (This figure 
is from http://rsta.royalsocietypublishing.org/content/366/1884/4489).
Figure 2.6. Schematic illustration o f the reconnection in the northern tail lobe during northward 
IMF [Frey et al., 2003].
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The following signatures have been used to identify reconnection at the magnetopause.
1. The primary evidence for reconnection has been the observations o f high speed plasma flows 
which satisfy the Walen relation. The Walen test is a technique for comparing the observed 
bulk plasma flows with those predicted from the reconnection theory [W alen , 1944]. The 
reference frame in which the electric field vanishes is called the de Hoffmann-Teller (HT) 
frame [de Hoffman and Teller, 1950]. In this frame, the plasma bulk flow resulting from 
steady state reconnection is field-aligned and Alfvenic [Sonnerup et al., 1990]:
B
u -  u h t  =  ± v a  =  ±  (2.39)
\/VoP
where u — u h t  is the plasma velocity in the H T frame and v a  is the Alfven velocity.
2. The reflection and transmission o f magnetospheric and magnetosheath ion species at the 
magnetopause provide strong evidence for reconnection. Gosling et al. [1990a] described 
the particle behavior during reconnection at the magnetopause as illustrated in Figure 2.7. 
The white arrows indicate the magnetosheath and magnetospheric particles. Two different 
plasma populations flowing from the magnetosheath side (left) and the magnetospheric side 
(right) enter the reconnection region (cross-hatching) [Gosling et al., 1990a]. Some of the 
incident populations will reflect off the magnetopause, returning to the magnetosheath or 
magnetosphere and some will cross the magnetopause. The field lines labeled S1 and S2 
(separatrix) are the newly reconnected field lines and formed the X -point. The two boundaries 
E1 and E2 (I1 and I2) where electrons (ions) have been accelerated are formed through the 
reconnection process [Gosling et al., 1990a]. These boundaries are not field aligned, because 
the particles drift or convect with the magnetic field. Both electrons and ions drift across 
the magnetic field at the same speed (E  x B  drift). However, the light electrons move along 
the field line much faster than ions. Thus, the electron boundaries are more closely field- 
aligned than the ion boundaries [Kivelson and Russell, 1995]. Cowley [1982] predicted the 
ion velocity distributions near the magnetopause based on a kinetic description of quasi-static 
reconnection. These predictions were confirmed by observations [FuseJier et al., 1991].
3. The flux transfer events (FTEs) [Haerendel et al., 1978; Russell and Elphic, 1978] have been 
regarded as the product of patchy reconnection at the magnetopause. The FTE was first 
proposed by Russell and Elphic [1978] who suggested that patchy magnetic reconnection gen­
erates a magnetic flux tube (or rope) which connects the magnetosheath and magnetospheric 
sides and thus contains both magnetosheath and magnetospheric plasma. The FTE is char­
acterized by a bipolar signature in the normal component o f the magnetic field (B n ) and an
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S1&S2: S e p a ra tr ix J 1&l2: Flow boundary 
A X s i  fi (Ion Edge)
^Current Sheet
E1&E2 
g^Electron Edge
Figure 2.7. Sketch o f the dayside magnetopause reconnection geometry. S1 and S2 represent 
the separatrix which are newly reconnected field lines connected to the X-line. E1, E2, I1, and 
I2 mark the boundaries o f the accelerated electrons and ions. When the reconnection occurs, 
magnetosheath and magnetospheric particles entering from the left and right, respectively, combine 
on the reconnected flux tubes [Gosling et al., 1990a].
31
enhancement in the magnetic field strength [Russell and Elphic, 1978].
Figure 2.8 (top) shows a sketch o f an FTE  [Russell and Elphic, 1978]. The magnetosheath and 
magnetospheric magnetic field lines drape around the flux tube and can generate the bipolar 
signature o f B n  . The reconnected open flux tube lies along the magnetopause, partially 
inside and outside of the current sheet. The open flux tube is pulled upward by magnetic 
tension. Figure 2.8 (bottom ) shows the magnetic field measurements from ISEE 1 and 2 
at the magnetopause in the boundary normal coordinates on 29 November 1977 [Elphic and 
Russell, 1979]. In the boundary normal coordinate system, B n  points along the magnetopause 
normal, B l is directed northward along the magnetospheric field, and B m  points dawnward. 
The FTEs are easily distinguishable. Three FTEs observed in the magnetosheath are marked 
by shaded regions. The magnetic field strength is often larger within FTEs than that in the 
magnetosheath and there is a polarity, a positive and then a negative perturbation in B n . 
The polarity, B n  first positive and then negative (outward then inward), is usually observed 
around the open flux tube when the spacecraft is in the north o f the magnetic equator. If the 
observed polarity o f B n  is opposite (negative/positive or inward then outward), the spacecraft 
is located in the south of the magnetic equator [Elphic, 1990]. In addition, these magnetic 
flux tubes are moving faster than the magnetosheath plasma flow. Most FTEs are observed 
when the IMF is southward [Elphic, 1990].
2 .1 .4  M a g n e tic  R e c o n n e c t io n  in th e  M a g n e to ta il
The reconnected Earth’s magnetic field and IMF convect tailward carrying the solar wind and 
become field lines o f the geomagnetic tail. During the anti-sunward motion o f field lines, the 
ionospheric plasma is joined together with the magnetosheath plasma. The mixed plasma convects 
onto the tail and fills the mantle. The convected plasma from the plasma mantle moves towards 
the plasma sheet in the magnetotail. The plasma sheet is a region that separates the oppositely 
directed magnetic fields o f the north and south lobes. The magnetic fields point towards the Earth 
in the north lobe, whereas they direct away from the Earth in the south lobe. Therefore, the neutral 
sheet is a suitable position for reconnection to occur. The ejection o f plasma by the reconnection 
can produce the beautiful phenomenon o f auroras.
Figure 2.5 shows a schematic illustrating the Earth’s magnetosphere in the noon-midnight plane 
showing the magnetic reconnections at the dayside magnetopause and the nightside magnetotail. 
Oppositely directed magnetic field lines convect towards the plasma sheet and reconnect in the 
magnetotail. The inflow plasmas from the southern and northern lobes have similar plasma prop­
erties in the magnetotail reconnection. The tailward reconnected magnetic field lines are pulled
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Figure 2.8. Sketch o f a magnetic flux tube (top) and magnetic field data across the magnetopause 
in the presence o f FTEs indicated by the shaded region (bottom ) [Elphic and Russell, 1979]
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away and joined with the IMF by magnetic tension. The plasma jets generated by magnetic recon­
nection move away from the reconnection diffusion region (black arrows). The earthward flows of 
plasma move along the newly reconnected closed field lines and toward the Earth’s southern and 
northern poles. The earthward field-aligned particles mirror at low altitude and return along the 
plasma sheet boundary layer. Then, the counterstreaming particles are thermalized and become a 
more isotropic plasma.
2.2 G e o m a g n e tic  S to rm  and S u b sto rm
The geomagnetic activity is highly correlated with variations at the Sun, such as the solar-cycle 
variation. Geomagnetic storms and substorms are two major types o f geomagnetic activity. A 
magnetospheric substorm is a brief (2-3 hours) disturbance in the magnetosphere which occur 
when the IM F turns southward. During a substorm a large amount o f energy is released from the 
magnetotail into the high latitude ionosphere. A  magnetospheric storm is a world-wide depression 
o f the horizontal component of the Earth’s magnetic field which lasts for several days. Geomag­
netic storms are directly driven by coronal mass ejections (CM E), solar flares, or fast streams. 
Geomagnetic indices (e.g., AE, AL, AU, Kp and Dst indices) are used to measure the disturbances 
o f geomagnetic fields. The following most commonly used indices will be introduced in this section: 
(1) Low-latitude (equatorial Dst); (2) Auroral zone (AE, A L  and AU); (3) Mid-latitude (Kp). Sub­
storms are characterized by A E  (auroral electrojet) index and Dst (disturbance storm time) index 
is used to measure the intensity o f magnetic storms.
2 .2 .1  M a g n e tic  S torm
Geomagnetic storms are major magnetic disturbances in the magnetosphere that occur when the 
IMF turns southward and remains southward for an extended interval. The characteristic signature 
o f a magnetic storm is a depression in the horizontal component (H ) of the Earth’s magnetic 
field. This depression is caused by the enhanced ring current encircling the Earth in the westward 
direction. Figure 2.9 shows a typical geomagnetic storm phases, the initial, main, and recovery 
phases monitored by the Dst index. There is a sudden positive increase in the H  component 
which is known as a sudden storm commencement (the initial phase). This was followed by the 
development o f a large decrease in the H  component (the main phase). The recovery phase is 
caused by loss o f ring current ions. It leads to a decrease in the intensity o f the ring current and the 
geomagnetic field approaches its prestorm condition [Kivelson and Russell, 1995]. The magnitude 
o f magnetic storms can be defined by the minimum Dst index.
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Initial M ain Recovery
Figure 2.9. Schematic diagram of the typical magnetic storm phases: the initial, main, and recovery 
phases [Kamide et al., 1998].
2 .2 .2  S u b sto rm
A magnetospheric substorm is a transient process during which a significant amount of energy is 
first stored in the magnetotail with a subsequent fast release o f this energy. The energy dissipation 
during a substorm confined mostly to the auroral oval [Rostoker et al., 1980]. W hen a dayside 
magnetic reconnection occurs, magnetic flux is removed from the dayside and accumulated in the 
magnetotail (growth phase of a substorm: energy loading). Subsequently, the stored magnetic 
energy is explosively released into the ionosphere known as magnetospheric substorms (expansion 
phase: energy dissipation). The onset o f the expansion phase is signaled by a sudden brightening 
o f an auroral arc around midnight. It is accompanied by an intensification o f the auroral electrojets 
[M cPherron , 1979]. During substorms, the magnetic reconnection is initiated in the magnetotail 
and a portion o f the plasma is ejected away from the X-line. The magnetosphere returns to its 
ground state (recovery phase) [Kivelson and Russell, 1995].
2 .2 .3  G e o m a g n e tic  In d ices  
D st in d ex
Dst index is used to measure the storm strength. It is derived from the average value of the equato­
rial H  disturbances measured hourly at four near-equatorial geomagnetic stations. Larger negative 
Dst indicates a more intense storm. Figure 2.10 (top) shows the magnetometer data (horizontal 
component of the magnetic field H ) from four near-equatorial geomagnetic observatories and Fig­
ure 2.10 (bottom ) shows the corresponding Dst index plotted as the middle line with maximum 
(upper line) and minimum (lower line) disturbance values for the Halloween storm in 2003 [Love 
and Rem ick , 2007]. Dst index is determined by the difference between the maximum and minimum 
disturbance fields among the four observatories. A  geomagnetic storm often starts with a sudden
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Figure 2.10. Effects o f a magnetic storm as recorded in the hourly Dst index values with magne- 
tograms from four near-equatorial geomagnetic observatories [Love and Rem ick , 2007].
increase in the Dst index. This is known as the storm sudden commencement. Following the initial 
phase a rapid and highly disturbed decrease begins and Dst index reaches a minimum (the storm 
main phase). Dst returns to its pre-storm level during storm recovery phase.
A E , A L  an d  A U  in d ex
During substorms, electrojets and the substorm current wedge are the primary sources o f magnetic 
disturbances. The A E  index is the auroral electrojet index which were defined by Davis and Sugiura 
[1966] to measure the strength o f the auroral electrojets. This index provides information on the 
auroral activity which is obvious manifestation of a substorm. The horizontal component (H ) of 
the magnetic field from 12 auroral-zone magnetic observatories are used to calculate A E , and the 
average value o f H  during the five magnetically quietest days is subtracted. The AU  index is
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Universal Time
Figure 2.11. Three substorm phases in terms o f the AU  and A L  indices [McPherron and Manka, 
1985].
defined as the maximum positive disturbance and A L  is the minimum disturbance. The difference 
is defined as A E  =  AU  — AL.
Figure 2.11 shows AU  and A L  indices during a substorm [McPherron and Manka, 1985]. The 
three substorm phases (growth, expansion, and recovery) can be identified by changing in the slope 
o f the A L  index trace. W hen AU  and A L  are slowly growing, the time interval is the growth phase 
o f the substorm. The onset o f the substorm expansion phase is often signaled by a sudden increase 
o f AL. During expansion phase, A L  index reaches a minimum. The magnitude o f A L  index begins 
to decrease during the recovery phase [McPherron and Manka, 1985].
K p in d ex
The planetary Kp index represents the geomagnetic disturbance levels. This is derived from 3 h 
measurements of the K  index obtained from 13 geomagnetic observatories located between 44° and 
60° magnetic latitudes. The K  index is designed to measure the range o f irregular and rapid, storm­
time magnetic activity. The Kp index measures the deviation o f the most disturbed H -component 
o f the magnetic field on worldwide observatories. The average value obtained from every station 
provides the global Kp index. The Kp index varies from 0 to 9 with plus and minus designations 
given between two intervals (for example, 1-, 1, 1+ ) [Parks, 2004]. Higher numbers indicate more 
intense disturbances.
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2.3 M o t iv a t io n  an d  O u tlin e  o f  th e  D isse r ta tion
The Earth's dayside magnetopause provides us the most proximity for investigating important 
dynamic processes. Magnetic reconnection at the dayside magnetopause is one o f most important 
processes that efficiently transfer mass, momentum and energy from the solar wind to the Earth’s 
magnetosphere. Magnetic reconnection at the magnetopause is usually asymmetric since the plasma 
density on the magnetosheath side is much higher than that on the magnetospheric side of the 
magnetopause and the magnetic field strength on the magnetospheric side is often stronger than 
that on the magnetosheath side. The asymmetric properties o f the plasma and magnetic field at the 
magnetopause may lead the asymmetric reconnection geometry. However, what is the controlling 
factor that leads to the asymmetric reconnection geometry remains unclear.
The cold dense plasma, originated either directly from the ionosphere or from the plasmasphere, 
has often been observed near the dayside magnetopause. The plasmaspheric plumes and ionospheric 
outflows may play an important role in the reconnection process since they affect the plasma 
properties on the magnetospheric side o f the magnetopause. Observations of cold dense plasma 
(plasmaspheric plume or ionospheric outflow) at different locations in the magnetosphere have 
been studied. However, there is no study on the characteristics of both plasmaspheric plumes and 
ionospheric outflows near the magnetopause. In addition, the role played by cold dense plasmas 
in the solar wind-magnetosphere coupling is still under debate. This dissertation investigates the 
characteristics and behavior o f the cold dense ions observed at the dayside magnetopause and their 
effects on magnetic reconnection. The occurrence rates o f the plasmaspheric plume and ionospheric 
outflow and their dependence on the solar w ind/IM F condition are studied as well.
This dissertation addresses the following outstanding questions:
1. W hat is the controlling factor that leads to the asymmetric reconnection geometry at the 
magnetopause?
2. W hat are the characteristics (density and distribution of the location) of the plasmaspheric 
plume and ionospheric outflow observed near the dayside magnetopause?
3. Do the occurrence rates o f the plumes and outflows depend on the geomagnetic activity and 
the solar w ind/IM F conditions?
4. W hat is the role played by cold dense plasmas in the solar wind-magnetosphere coupling?
5. W hat is the behavior o f the cold dense ions during magnetic reconnection?
This dissertation is organized as follows: Chapter 1 introduces the solar-terrestrial environ­
ments. Chapter 2 gives a brief introduction to dynamic process such as magnetic reconnection and
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geomagnetic activities. Chapter 3 describes the instrumentation o f the Cluster mission focusing on 
the data from CIS, RAPID, EFW , PEACE, STAFF, and FGM  instruments onboard Cluster space­
craft. The analysis methods utilized in this research focuses on the Walen test, Minimum Variance 
Analysis, the Multi-spacecraft timing method, and the curlometer technique that are introduced 
in Chapter 4. In Chapter 5, controlling factors for asymmetric reconnection and the behaviors of 
the cold plasmaspheric ions during reconnection are discussed. Chapter 6 describes the existence 
and the characteristics o f the asymmetric ionospheric outflows observed from Cluster 3 spacecraft 
near the dayside magnetopause. The comparison between the characteristics o f the plasmaspheric 
plumes and the ionospheric outflows are investigated and the occurrence rates o f two populations 
depending on the geomagnetic activity and solar w ind/IM F conditions are discussed in Chapter 7. 
Chapter 8 contains the conclusions o f the dissertation and future work.
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C h a p te r  3
C lu ster  M iss ion  an d  In stru m en ts  o n b o a rd
The European Space Agency’s Cluster mission is designed to study detailed spatial and temporal 
characteristics o f various regions of the Earth’s magnetosphere, the interaction between the solar 
wind and the Earth’s magnetosphere and ionosphere, and near-Earth solar wind plasma [Escoubet 
et al., 1997; Escoubet et al., 2001]. The Cluster mission consists o f four identical satellites. The four- 
identical Cluster spacecraft were given names o f Latin American dances (Rumba, Salsa, Samba and 
Tango). The four-point Cluster mission covers the main regions o f the magnetosphere (solar wind, 
bow shock, magnetopause, magnetosheath, polar cusp, plasmasphere, magnetotail and auroral 
zone) depending on the configuration of the orbit. The four identical satellites flying in a tetrahedral 
configuration provide outstanding results on the three dimensional distributions o f plasma and 
waves which allows us to study the small- and medium-scale structures of the magnetosphere and to 
derive important physical quantities (e.g., current density, plasma density and pressure gradients). 
The Cluster mission was launched in July 16 and August 9, 2000 and reached the final polar orbits 
with an apogee of 19.6 R E and a perigee o f 4 R E. The mission will be extended until the end of 
2018.
Each Cluster spacecraft carries 11 identical instruments. The Cluster data are available at 
Cluster Science Archive (CSA) website (http ://w w w .cosm os.esa.int/w eb/csa). Data from the fol­
lowing instruments onboard Cluster were used in this dissertaion: CIS, FGM, PEACE, RAPID, 
EFW , STAFF and W HISPER. Most data used in this dissertation is averaged over one spin (4 s 
resolution). A  brief description o f these instruments are presented in the following sections.
3.1 C lu ster  O rb its  and  C on fig u ra tion
The orbits of the Cluster spacecraft have a 360° coverage of the magnetosphere every year with a 
perigee at 4 R E, an apogee at 19.6 R E, and an inclination o f 90° (Figure 3.1). The orbital period is 
57 hours. The separation distances between the four spacecraft (the size o f the tetrahedral config­
uration of the four spacecraft) vary from 200 km in the cusp to 18000 km in the magnetotail. It is 
capable o f studying the three-dimensional structures in key regions of the terrestrial magnetosphere 
(bow shock, magnetosheath, magnetopause, polar cusp, magnetotail, and the auroral zone) with 
high time resolution.
Orbital dynamics allow changing o f a constellation throughout a complete orbit (Figure 3.2). 
W hen Cluster crosses the dayside magnetopause (or the polar cusps), a perfect tetrahedron is 
constituted over the northern and southern cusp (Figure 3.2a). The spacecraft configuration is still 
close to a tetrahedron throughout the solar wind and the magnetosheath. The spacecraft follows
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Figure 3.1. Orbits o f the Cluster spacecraft and key regions in the magnetosphere. Credit: ESA
Xgse (Re) Xgse (Re)
Figure 3.2. Cluster orbits and the tetrahedral configurations in G S E  X  — Z  plane during (a) 
dayside magnetopause crossing and (b) tail crossing [Escoubet et al., 2001].
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each other along the same orbit in the auroral zone (like a string o f pearls) near perigee, which 
allows us to study temporal variations.
When the Cluster spacecraft crosses the magnetotail (Figure 3.2b), a perfect tetrahedron is 
formed in the plasma sheet near the apogee and the configuration becomes elongated in the mid­
altitude cusp. Both the separation and the shape of the constellation change based on the complex 
constellation maneuvers.
3.2 In stru m en ts  o n b o a rd  C lu ster  
3 .2 .1  C IS
The CIS (Cluster Ion Spectrometer) instrument measures full three-dimensional ion distributions of 
cold and hot ions from the solar wind, the magnetosheath, the magnetosphere, and the ionosphere 
with good angular, mass, and energy resolutions [^erne et al., 2001]. The CIS experiment consists 
o f two different sensors: a Hot Ion Analyser (HIA) sensor and a time-of-flight ion COmposition and 
DIstribution Function (CODIF) sensor. The CIS instrument on Cluster 2 (Salsa) is not operating.
The HIA instrument provides a full 3D distribution of the ions (5 e V /e  to 32 keV /e) in every 4 s 
as scanning the entire 4 n steradian solid angle within one spin o f the spacecraft (4 s). HIA offers a 
high angular resolution (5 .6°x 5.6°), which is adequate for solar wind measurements and ion-beam, 
but, does not offer mass resolution. The CODIF instrument offers 3D distribution functions of 
the major ion species, including H+, He++, He+, and O+ ions with a high-sensitivity and a mass 
resolution. CODIF covers the energy range between the energies as low as the spacecraft potential 
and ~38 keV /e with a mass per charge composition and medium angular resolution (22.5° x 
10.25°). The plasma moments (ion density, temperature and flow velocity) are calculated from 
integrating over the ion distribution function.
Figure 3.3 shows ion energy fluxes in all o f the plasma regions encountered along the Cluster 
orbit. This indicates that the ClS instruments are capable of obtaining diverse characteristics of 
plasma, which have a large dynamic flux range. The main features and parameters o f the HIA and 
CODIF sensors are summarized in Table 3.1.
3 .2 .2  F G M
The Fluxgate Magnetometer (FGM ) provides accurate measurements o f magnetic field vectors at 
high time resolution (up to 67 vectors/s) [Balogh et al., 2001]. FGM  contains two tri-axial fluxgate 
magnetic field sensors mounted on one o f the two radial booms. One of the magnetometer sensors 
is located at the end of the two radial booms (outbound); the other is at 1.5 m from the end o f the 
boom  (inbound). This configuration minimizes the effect of the spacecraft background magnetic
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Table 3.1. Performances o f the CIS experiments [Reme et al., 2001]
Analysers HIA CODIF
Energy Range e V /e  -  32 keV /e ~ 0  -  38 keV /e
Time Resolution 2D (ms) 62.5 125
Time Resolution 3D (s) 4 4
Mass Resolution (M /£M ) - ~ 4 -7
Angular Resolution ~5 .6°x5 .6 ° ~11.2°x22.5°
Geometrical Factor (cm 2sr keV /keV) 1.9x10_4 for one half 1 .9x10_2 for one half
4 .9x10_3 for the other half 2.1x 10_4 for the other half
Dynamics (cm 2sec sr) _1 104 -  2 x 1010 3x 1 0 3 -  3 x 1 0 9
IONS
CIS 2 /  HIA 
LOW  SIDE
CIS 1 /C O D IF  
LOW  SIDE
CIS 1 /C O D IF  
HIGH SIDE
CIS 2 /  HIA 
HIGH SIDE
CIS 1/ RPA
ENERGY ( e V )
Figure 3.3. Representative ion fluxes in the plasma regions: the solar wind (SW ), the magne­
topause (M P), the magnetosheath (MSH), the plasma mantle (PM ), the magnetosphere (MSPH), 
the plasma sheet (PS), and the low and the upwelling ions (U PW ) [Reme et al., 2001].
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Table 3.2. Parameters o f the PEACE sensors [Johnstone et al., 1997]
Sensor HEEA LEEA
Energy Range 0.59 eV to 26.4 keV 0.59 eV to 26.4 keV
Energy Resolution (FW HM ) 0.165 ±  0.007 0.127 ±  0.006
Field o f view: polar 180° 180°
Field of view: azimuthal 5.27° ±  0.20° 2.79° ±  0.20°
Angular resolution: polar 3.75°, 15° 3.75°, 15°
Energy sweeps per spin 16, 32, or 64 16, 32, or 64
Angular resolution: azimuthal 22.5°, 11.25°, 5.625° 22.5°, 11.25°, 5.625°
Geometry factor, per 15° zone 6.0x 10_s m2sr eV /eV 1.6 x 10_s m2sr eV /eV
field. Both sensors are used to obtain the three components o f the magnetic field vectors in flight. 
Simultaneous four-point magnetic field measurements from the four Cluster spacecraft provide 
information about the geometry and structure o f discontinuities and current density vector.
3 .2 .3  P E A C E
The Plasma Electron and Current Experiment (PEACE) instrument is designed to measure the 
three dimensional velocity distribution of electrons in the energy range from 0.59 eV to 26.4 keV 
[Johnstone et al., 1997]. The PEACE instrument is capable o f measuring the low-energy (<  10 eV) 
electron velocity distributions with a high quality. Each PEACE instrument contains two sensor 
heads, LEEA (low-energy electron analyser) and HEEA (high-energy electron analyser). These 
sensors are mounted on opposite sides of the spacecraft. Thus, the instantaneous field o f view 
of one sensor head is the same as that measured by the other sensor head in half a spacecraft 
rotation (2 s) later. Therefore, the fastest time resolution for PEACE to obtain complete electron 
distributions is 2 s.
The full PEACE energy range is divided into 88 different energy levels. Full coverage o f the 
energy can be achieved by using both sensors together, since each sensor cannot cover the full 
energy range. LEEA admits less electrons than HEEA. HEEA detects more diffused electrons with 
energies 34 eV-26.5 keV [Owen et al., 2001]. LEEA specializes in the measurement o f the lower 
end o f the electron energy spectrum (0.59 eV-9.45 eV) and has the smaller geometric factor. The 
smaller geometric factor is appropriate for the high fluxes to be found at low energy. Parameters 
o f the PEACE instrument are summarized in Table 3.2 [Johnstone et al., 1997].
3 .2 .4  R A P I D
The Research with Adaptive Particle Imaging Detectors (RAPID ) instrument is an advanced imag­
ing spectrometer for the analysis o f suprathermal plasma distributions [Wilken et al., 2001]. The
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Table 3.3. Characteristic parameters o f the RAPID  spectrometer [Wilken et al., 2001]
Energy ranges: Hydrogen 30-1500 keV
Helium 100-1500 keV
CNO 105-1500 keV
Electrons 20-400 keV
Mass range: 1, 4, 12-16, 28-56 amu
Resolution (A /d A ): Oxygen 4
Field-of-view: IIMS (Ions) ±  3°x180°
IES (Electrons) ±  17.5°x180°
Geometry factor: IIMS 2.6 x 10-2  cm 2-sr
(for 180°) IES 2.0 x 10-2  cm 2-sr
RAPID  instrument provides three-directional particle fluxes o f four species in the following energy 
ranges: from ~20 keV to 400 keV for electrons, 30-1500 keV for hydrogen, 29-1500 keV for Helium 
ions, and 26-1500 keV for CNO (heavy ions).
RAPID consists o f two sets o f detectors, the IIMS (Imaging Ion Mass Spectrometer) for ions and 
the IES (Imaging Electron Spectrometer) for electrons. The IIMS contains three identical sensor 
heads. Each ion sensor head has a Time of Flight (TO F) and energy detection system. The TO F 
system determines the particle velocity (v) by measuring the flight time traveling a known distance 
in the detector geometry. The energy detection system measures the energy o f the particles. The 
different mass (m) o f the particles can be identified using the relationship between the energy (E ) 
and velocity (v), E  =  1 m v2 [Wilken et al., 2001]. The ion spectral counts are sorted into 12 
polar angle segments, 8 energy bins, 16 azimuthal sectors, and 3 mass ranges, but only 9 polar 
segments for the electron spectral counts. The IES detects electrons from ~20 keV to 400 keV. The 
characteristic parameters o f the RAPID  instrument are listed in Table 3.3 [Wilken et al., 2001].
3 .2 .5  E F W
The Cluster Electric Field and Wave (EFW ) instrument measures the electric field and density 
fluctuations [Gustafsson et al., 2001]. The instrument includes two pairs of spherical probes on 
wire boom s in the spin plane with a separation of 88 m between the probes. This allows us to 
obtain spin plane components (E x and E y) o f the quasi-static electric field vector in the range from
0.3 to 700 m V /m  with 0.1 ms time resolution. The spacecraft potential from two pairs o f spherical 
probes to the spacecraft is used to estimate the electron density in the range o f 10-2 -  10 cm -3 
with 0.2 s time resolution [Gustafsson et al., 2001].
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3 .2 .6  S T A F F
The STAFF (Spatio-Temporal Analysis o f Field Fluctuations) instrument is designed to measure 
the rapid electromagnetic fluctuations [Cornilleau-Wehrlin et al., 1997]. The instrument consists 
o f two parts: ( 1) A  three-axis search coil magnetometer mounted at the end o f a 5 m long boom  
measures the magnetic field components of the electromagnetic fluctuations in the frequency range 
up to 4 kHz. (2) A  spectrum analyzer measures auto- and cross correlation between magnetic and 
electric field components. The STAFF instrument provides the total power of the magnetic field 
in three frequency ranges, 1-10 Hz, 10-180 Hz, and 180-4000 Hz.
3 .2 .7  W H I S P E R
The W H ISPER (Whisper of HIgh frequency and Sounder for Probing Electron density by Relax­
ation) instrument is a relaxation sounder that provides two data sets: the total electron density 
which is obtained from an active radio frequency technique and the spectrum of natural plasma 
emissions in the high frequency range from ~2 to 80 kHz. The principle o f W H ISPER is that 
an emitter sends a series of pulses in the plasma and a receiver observes a strong resonance when 
the pulse frequency matches one o f characteristic plasma frequencies. The observed resonances in 
a sounder spectrum determine the electron plasma frequency, Fp (kHz). Thus, the total electron 
density (N e) can be derived from the relation,
N e[cm-3 ] =  Fp/81 (3.1)
The absolute electron density variations with a sufficient time resolution (0.3-3 s) are in the range 
of 0.2-80 cm -3  [Decreau et al., 2001].
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C h a p te r  4 
A n a ly s is  M e th o d s
The Cluster mission with four identical spacecraft was designed to make simultaneous measurements 
at different locations. This allows us to do data analyses based on four-point measurements. This 
chapter introduces the main methods used in this dissertation: Walen test, minimum variance 
analysis (M VA), the multi-spacecraft timing method, and the curlometer technique. Minimum 
variance analysis o f the magnetic field data allows us to estimate the invariant direction (the 
orientation o f the structure) based on the physical constraint V  • B  =  0. The normal vector and the 
propagation velocity o f the observed boundary along the normal direction are obtained by using 
the timing method. The current density is obtained from the four-point magnetic field vectors 
using the curlometer method. Therefore, the j  x B  force density in the reconnection region can be 
calculated.
4.1 de  H o ffm a n n -T e lle r  F ram e
A good de Hoffmann-Teller frame indicates that a process is approximately steady state. The 
de Hoffmann-Teller (HT) frame was first applied to a one-dimensional shock [de Hoffman and 
Teller, 1950]. The shock frame is a reference frame in which the shock is stationary. The velocity 
transformation can be used to transfer from the shock frame to another frame [Kivelson and Russell, 
1995]. Figure 4.1(a) shows the normal incidence frame containing the shock normal n, the flow 
velocity U , and the magnetic field B . The subscripts u and d indicate the upstream and downstream 
sides o f the shock, respectively. The upstream flow is parallel to the shock normal. There is a 
motional electric field (E u) that is perpendicular to both U u and B „. This electric field is then 
parallel to the plane of the shock, E u =  —U u x B u, and can be made zero by adding a transformation 
velocity parallel to the shock plane. The transformation velocity from the normal incident frame 
is denoted by V h t  as shown in Figure 4.1(b). This frame is called the de Hoffman-Teller (HT) 
frame. The V h t  is the frame velocity vector (i.e. H T frame velocity).
The upstream flow velocity (UU) is parallel to the upstream field (B M =  BU). All quantities are 
marked by a prime in the HT frame. The frame velocity vector can be written as
V h t  =  U utan(9B„ ) (4.1)
The transformed velocity can be written as
UU =  U u — V h t (4.2)
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The motional electric field vanishes in this HT frame.
E ' =  -U U  x BU =  0 (4.3)
Equations 4.2 and 4.3 can be combined.
V h t  x  Bu =  Uu x Bu (4.4)
Solving for V HT, we get
n x (U u x B u) ^
VHT  =  r T B   (4-5)
Because the motional electric field is zero, the motion of the upstream particles is very simple: 
gyrational motion around the magnetic field and motion parallel to it.
Sonnerup and Wang [1987] developed a least-squares analysis technique to determine the HT 
frame velocity from data by a single spacecraft. To obtain V HT from measurements, we need to find 
a frame in which the mean square of the electric field is as small as possible. This is accomplished 
by minimizing the quantity D  which is the object function with respect to the frame velocity V ,
1 M 1 M
D (V ) =  M  £  |E'm|2 =  M  £  l(vm -  V )  x B ” '|2 (4.6)
m=1 m=1
where v m and B m, m =  1, 2, ...M, are the measurements of plasma bulk velocities and magnetic 
fields, respectively. The minimization condition V y D  =  0 follows linear equation for V h t .
Ko V h t  =  K m v m) (4.7)
K 0 =  (K m) is assumed to be non-singular and the angle brackets denote an average o f an enclosed 
quantity given a set o f M  measurements. The solution is
V h t  =  K - 1 (K  mv m) (4.8)
where K m is the matrix of projection (P m) into a plane perpendicular to B m.
2 (  B mB m \ 2
K m  =  B m =  B m Pm  (4.9)
The result is often applied to a Walen test. Figure 4.2 shows a planar flow and field configuration for 
a shock-like structure. The HT frame velocity (V HT) and the velocity o f motion o f the discontinuity 
along the normal, V h t  ■ n =  un are shown. The existence o f an HT frame indicates that a quasi-
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(a) Normal Incidence Frame
>z
Bd
(b) de Hoffman-Teller Frame
Figure 4.1. Simple illustrations for (a) the normal incidence frame and (b) the de Hoffman-Teller 
frame. The HT frame is shown in velocity coordinate system.
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AFigure 4.2. A  simple planar illustration showing measured magnetic fields, B (1) and B (2), velocities, 
and v (1) and v (2) in the spacecraft frame. V h t  and un represent the HT frame velocity and its 
normal component, respectively. v /(1) and v /(2) are the plasma velocities in the HT frame [Khrabrov 
and Sonnerup, 1998].
stationary pattern o f magnetic field is present. The usage of the HT frame allows us to identify the 
passage of such a moving quasi-static structure and the HT frame is suitable for the Walen test.
4 .2  W a len  T est
Direct evidence o f the magnetic reconnection can be found in the existence o f the high-speed flow 
away from the diffusion region which satisfies the Walen relation [Paschmann et al., 1979]. MHD 
theory predicts that the accelerated plasma flow generated by reconnection is Alfvenic in the HT 
frame, which is called the Walen relation. The plasma velocities are v /m =  v m — V h t  in the HT 
frame and the local Alfven velocities (V™) are computed from the measured magnetic fields (B m) 
and total mass densities (pm, assuming all particles are H +), m  =  1, 2, . ..M ,
B m
v m  =  (4 ' 10)
The anisotropy-corrected local Alfven velocity is V a  =  B[(1 — a )/(^0p)]1/2 when considering the 
effect of pressure anisotropy a  =  ( p  — p±)^o/B 2. The Walen test is to determine whether the 
high-speed flow is Alfvenic by generating a component-by-component scatter plot of the plasma
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Figure 4.3. (a) Walen plot, the plasma velocities (V  — V HT) in the HT frame as a function o f the 
components of the Alfven velocity (V ^ ) for A M P T E /IR M  magnetopause crossing on October 19, 
1984; (b) same format but including acceleration o f HT frame for crossing on September 8, 1984 
[Khrabrov and Sonnerup, 1998].
velocities in the HT frame, v ' , and the Alfven velocities, V ^ .
v ' =  ± V ^  (4.11)
The positive (negative) sign in the relation indicates that the normal components o f the magnetic 
field (B n) and plasma velocity (vn) have the same (opposite) signs.
Figure 4.3 shows examples of the Walen test for two magnetopause crossings by the A M P T E /IR M  
spacecraft. As shown in Figure 4.3(a), the Walen test is not successful since the plasma flow veloc­
ities (V  — V h t ) in the HT frame are much smaller than the Alfven velocities. This indicates that 
reconnection did not occur during this magnetopause crossing. By contrast, Figure 4.3(b) shows the 
data points fall along one o f the diagonals in the plot indicating that the Walen relation is satisfied. 
The HT frame was assumed to be accelerating for a good agreement. It can be drawn that the 
magnetopause has a structure o f rotational discontinuity. A  linear relation, v ' =  V  — V HT =  ± V ^ , 
in the range o f ± ( 0.8- 1.0) is interpreted as an indication that magnetopause reconnection is occur­
ring (rotational discontinuity). The existence o f a good HT frame for a magnetopause crossing is 
a necessary, but not sufficient condition for a rotational discontinuity.
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4.3  M in im u m  V a ria n ce  A n a lys is
The purpose o f minimum variance analysis (M VA) is to determine the normal direction and velocity 
o f a one-dimensional structure such as a current layer, wave front, or other transition layer in a 
plasma. This technique is applied to magnetic field vector data measured from a single spacecraft 
as it traverses a current layer. M VA is based on the one-dimensional (1-D: d/dx =  0,d/dy =  0) 
model o f the layer so that the field component B z is independent of z for the divergence o f B , 
V  • B  =  dB z/dz =  0. The normal component is continuous across the infinite, thin current layer. 
To determine the normal vector (n ), three distinct vector measurements (B (1),B (2), and B (3)) are 
needed. The difference vectors between (B (1) — B (2)) and (B (2) — B (3)) are tangential to the layer. 
Thus, the cross product between those vectors is along the normal vector assuming that they are 
not colinear (B (1) • n =  B (2) • n =  B (3) • n).
The normal field component is then
For real transition layers that have 2-D or 3-D internal structures, n is determined by minimization
where the subscripts fi ,v  =  1, 2, 3 define cartesian components x, y, and z and =  (B flB u) —
(B ^ )(B V). The A values are the eigenvalues A1, A2 and A3 (in order o f decreasing magnitude) of 
M B , which are all real, and the corresponding eigenvectors x 1, x 2 and x 3 are orthogonal. The three 
eigenvectors (x 1,x 2 and x 3) correspond the directions of maximum, intermediate, and minimum 
variance o f the magnetic field along each vector.
The normal direction o f the transition layer can be estimated using the eigenvector (x 3) corre­
sponding to the smallest eigenvalue, A3. The maximum and intermediate variance directions (x 1 
and x 2) are tangential to the current sheet. In the application to the dayside magnetopause, the
B n =  B  • n =  ±
B (1) • (B (2) x B (3))
(4.12)
|(B(1) — B (2)) x (B (2) — B (3))|
where the normal vector,
n (B (1) — B (2)) x (B (2) — B (3))
n =  ± | (B (1) — B (2)) x (B (2) — B (3))|
(4.13)
of
m=1
where the average (B ) =  M= 1 B m (m =  1, 2, 3, ...M ) and the normalization constraint |n |2 =  1.
Using a Lagrange multiplier (A), the magnetic variance matrix can be written as
3
(4.15)
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maximum variance eigenvector x 1 and the minimum variance eigenvector x 3 can be chosen to be 
the northward and outward directions from the Earth, respectively. The ordered set x 1, x 2 and 
x 3 is similar to the local coordinate system, called L M N  coordinate system which was introduced 
by Russell and Elphic [1979]. The directions o f L, M  and N  are the maximum, intermediate, and 
minimum variance directions, respectively. For an example o f the magnetopause as the rotational 
discontinuity in the boundary normal coordinate system, the maximum variance direction L repre­
sents the northward direction along the magnetospheric field, N  corresponds to the direction along 
the magnetopause normal, and M  completes the coordinates.
The matrix and the variance are non-degenerate when the three eigenvalues of the variance 
matrix are distinct. There is number of cases where near degeneracy occurs when two eigenvalues 
are nearly the same. The uncertainty in the corresponding eigenvalues for these cases is large so 
that the eigenvalue ratio (intermediate to minimum eigenvalues) should be large in order to obtain 
a valid direction o f normal to the transition layer.
4 .4  M u lti-S p a ce cra ft  T im in g  M e th o d
The purpose of the multi-spacecraft timing method, referring to as the time-delay method and/or 
triangulation method, is to obtain the normal vector n and the velocity along the normal direction 
(vn) o f an observed boundary [Schwartz, 1998]. If the same boundary passes the four Cluster 
satellites, four measurements allow us to construct the boundary normal and the propagation 
velocity along the normal direction. Assuming a planar boundary moves with a constant velocity, 
the relation between the normal vector n and the propagation velocity along the normal direction 
Vn can be written as
Vn =  r0 ^  (4.16)
tafi
where rap is the relative position vector between any spacecraft pair and tap is the time difference 
between this pair for the boundary. The timing method can be applied to various types o f discon­
tinuities such as the magnetopause, the bow shock, and the plasmapause. This method allows us 
to obtain the orientation and the velocity o f a planar structure. It should be kept in mind that 
this method fails if the separation vectors of four satellites are large or the spacecraft are nearly 
coplanar.
4 .5  C u r lo m e te r  T ech n iq u e
The curlometer method [Robert et al., 1998] is to estimate the electric current density (J) using 
the magnetic field data from the FGM  instrument. This method uses the Am pere’s law,
^ 0J =  V  x B  (4.17)
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ox
Figure 4.4. The configuration of the Cluster tetrahedron
to calculate the current density as treating that this current is a constant in the whole volume of 
the tetrahedron formed by the four spacecraft (see Figure 4.4). Equation 4.17 can be rewritten as
VoJijk • (A r ifc x A fjk ) =  A B ik • A j  — A B jk • A r ifc (4.18)
where i, j, and k are the number o f satellites. Jijk represents measured mean current normal to the 
surface made by the satellites i, j  and k. A r ik =  ri — rk and A B ik =  B i — B k represent the distance 
and the magnetic field differences between respective satellites, respectively.
The two main assumptions o f this method are that the current density is constant over the 
tetrahedron configuration and the magnetic field changes linearly (i.e., stationarity) over the tran­
sition layer. The parameter o f (V  • B ) / ( V  x B ) allows us to estimate o f the accuracy o f the current 
density. A  greater than 1 value o f (V  • B / V  x  B ) indicates a bad estimation o f the average current 
density (Jav), whereas (V  • B / V  x  B ) ^  1 indicates a good estimation o f Jav [Robert et al., 1998].
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C h a p te r  5
B eh a v io r  o f  C o ld  Ion s d u r in g  A s y m m e tr ic  M a g n e tic  R e c o n n e c t io n  at th e
M a g n etop a u se
5.1 In tro d u ct io n
Magnetic reconnection is a universal process that converts stored magnetic energy into particle 
kinetic energy and produces changes in the magnetic topology. It is primarily invoked to transfer 
momentum and energy from the solar wind to the magnetosphere at Earth’s magnetopause [Dungey, 
1961; Sonnerup et al., 1987]. If the magnitude o f the magnetic field and the plasma density on 
both sides o f the current sheet are similar, the magnetic reconnection is defined as symmetric 
reconnection [Mozer et al., 2008; M ozer and Pritchett, 2009]. Symmetric reconnection is usually 
characterized by a quadrupolar out-of-plane magnetic field component and a bipolar normal electric 
field [0ieroset et al., 2001; M ozer et al., 2002].
At the dayside magnetopause, the solar wind plasma density is generally much higher than that 
inside the magnetosphere and the magnitude o f the interplanetary magnetic field (IM F) is much 
weaker than that of the terrestrial field. Thus dayside reconnection occurring at the subsolar region 
is generally characterized by asymmetric plasma and magnetic field conditions. For reconnection 
occurring at the dayside subsolar region, the magnitude o f the reconnecting magnetic field and 
plasma density may vary more than an order o f the magnitude across the dayside magnetopause 
current layer, leading to the magnetic field and the plasma flow geometries being very different 
from those associated with symmetric reconnection. The scaling analyses for the reconnection rate, 
outflow speed, the density o f the outflow, and the structure o f the dissipation region during asym­
metric magnetic reconnection have been investigated with different simulation models [Pritchett 
and M ozer , 2009; Birn et al., 2008; Borovsky and H esse , 2007] and theories [Cassak and Shay, 
2007, 2008, 2009].
Magnetic topological changes are to be expected once the IMF on the magnetosheath side be­
comes magnetically connected to the magnetic field on the magnetospheric side and the accelerated 
plasma jets away from the reconnection region. The reconnection separatrix is defined as the field 
line connected to the X-line and it is located close to the electron edge which is a boundary o f both 
transmitted and mirrored electrons, whereas the flow boundary is a boundary between inflow and 
the outflow jet and it approximately coincides with the ion edge. Electrons move much faster than 
ions while both electrons and ions convect with the magnetic field by the E x  B  drift, so the electron 
boundaries are more closely field-aligned than the ion boundaries. Two boundaries, the separatrix 
and the flow boundary, have been identified by taking into account kinetic effects during magnetic 
reconnection [0ieroset et al., 2001; Retino et al., 2006; Lindstedt et al., 2009; Gosling et al., 1990a].
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The topology of magnetic reconnection can be deduced from either the magnetic separatrix 
angles or the plasma flow boundary angles. Identifying the boundaries (the separatrix and the flow 
boundary) is important in order to obtain the angles o f the separatrix and the flow boundary on 
both sides of the current sheet. Xiao et al. [2007] identified the separatrix by sharp variations in 
the elevation angle o f the local magnetic field (0B & tan- 1 (B z/Bx)). As illustrated in Figure 5.1, 
the separatrix angle 0 & Ob  (the elevation angle o f the local magnetic field) at the separatrix since 
the magnetic field lines are approximately parallel near the separatrix [Xiao et al., 2007].
Since the length (in the x -direction) and width (in the z -direction) o f the diffusion region are 
related to the separatrix angle,
L z
—  & tan0 (5.1)
Lx
where Lz (Lx) are the half-width (length) o f the diffusion region, the length of the diffusion region 
can be calculated if the width o f the diffusion region is known (e.g., from best-fit to a Harris sheet 
model). In the Xiao et al. [2007] event, the length and width o f the diffusion region are 460 km and 
1680-2597 km, respectively. In addition, the magnetic reconnection rate can be calculated based 
on the mass conservation and the separatrix angle,
Yrec ^  Vin =  Vout • (L z/Lx) =  VA • tan0 (5 .2)
where Vin (Vout) is the inflow (outflow) speed and Va  is the asymptotic Alfven speed. They 
found that the reconnection rate calculated this way is (0.09-0.30) Va  which is similar to the direct 
measurement o f V n .
Until now, few studies on the dayside reconnection have considered the plasma and energetic 
particle behaviors during asymmetric magnetic reconnection at the magnetopause. Energetic parti­
cles have been observed during magnetic reconnection events in various astrophysical environments, 
such as solar flares, the magnetotail, and the magnetopause [Lin et al., 2003; 0ieroset et al., 2002; 
Zhang et al., 2008]. Some studies have explored the acceleration mechanisms for the presence of 
the energetic ions in the reconnection region [Speiser et al., 1981; Cowley , 1982; Zong and Wilken, 
1998, 1999; Zong et al., 2001]. However, different aspects o f energetic particle behavior during sym­
metric and asymmetric reconnection are still little explored. On the other hand, cold and dense 
plasmaspheric plasma at the dayside magnetopause has been investigated by several studies [Su 
et al., 2000; Borovsky and Steinberg, 2006; Borovsky and D enton , 2006; Cowley , 1982; Gosling et al., 
1990b; Andre et al., 2010]. We find some important characteristics of the accelerated cold dense 
ions and their effect on the reconnection dynamics which is related to the previous observational 
and simulation studies [Gosling et al., 1990b; Borovsky and D enton , 2006; Borovsky et al., 2008].
Here we present Cluster observations o f the magnetic reconnection event at the dayside magne-
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Figure 5.1. Geometry o f the magnetic diffusion region encountered by the Cluster spacecraft in the 
magnetotail [Xiao et al., 2007].
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topause to illustrate the asymmetric reconnection topology with identification o f the separatrices 
and flow boundaries on the magnetosheath and magnetospheric sides, and study the cold ion and 
energetic particle behaviors during asymmetric magnetic reconnection at the magnetopause. The 
outline o f this chapter is as follows. In section 5.2, we describe the geometry o f the magnetic re­
connection and cold and energetic ion behaviors during reconnection. In section 5.3, we discuss the 
asymmetric reconnection geometry and effect o f cold ions on the reconnection dynamics. Section
5.4 contains the summary and conclusions of this chapter.
5.2 C lu ster  O b serv a tion s  and  In te rp re ta tio n
Figure 5.2 illustrates the Cluster orbit from 18:00-20:00 U T on March 5, 2007. Cluster 3 (C3, 
green star) was located primarily inside the magnetosphere and crossed the magnetopause at (X, 
Y, Z) =  (8.1, 1.3, 4.5) R e  in the GSM  reference frame. While traveling outbound in the northern 
hemisphere, Cluster crossed the magnetopause several times and exited to the magnetosheath. The 
inner and outer red lines indicate the locations o f the magnetopause and bow shock determined by 
the Fairfield model [Fairfield, 1971].
The separatrix can be identified by using electric field spectrograms. The first transmitted 
electrons may induce plasma instabilities which generate wave emissions. Hence the separatrix 
can be found as a boundary in wave activity features where the waves become more intense and 
broadband [RetinO et al., 2006]. Similarly, Lindstedt et al. [2009] have defined the electron edge 
or separatrix on the magnetospheric side where the first magnetosheath electrons or parallel elec­
trons with a typical energy o f hundred o f eV are observed. Matsumoto et al. [2003] have observed 
enhanced broadband electrostatic emissions, such as Electrostatic Solitary Waves (ESW ) and Am ­
plitude M odulated Electrostatic Waves (A M E W ) with high-speed spikes o f the plasma velocities, 
related to the reconnection along the dayside magnetopause. Large-amplitude solitary waves have 
been observed by the Cluster spacecraft at multiple locations along the separatrices associated 
with magnetotail reconnection [Cattell et al., 2005]. Retino et al. [2006] have also identified the 
magnetic separatrix by taking a sharp boundary in electric field waveforms using the W ideband 
(W BD ) Plasma Wave Investigation. The flow boundary has been defined by the density gradient, 
first observed magnetosheath ions on the magnetospheric side, a sharp change in the ion distribu­
tion, the plasma flow V L component increases [Lindstedt et al., 2009; Gosling et al., 1990a], and 
the thermal speed o f plasmas [Vaivads et al., 2010].
5 .2 .1  O v erv iew
Figure 5.3 shows magnetic field data from W IND and plasma and magnetic field data from Cluster 
3 for an outbound crossing o f the magnetopause on March 5, 2007. The solar wind speed was
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CLUSTER ORBIT
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Figure 5.2. Cluster orbit in the X -Z and X -Y  GSM  plane from 18:00 U T - 20:00 U T on March 5, 
2007. The tetrahedron configuration is enlarged by 10 times. The locations of the magnetopause 
and the bow shock, which are determined by the Fairfield model, are marked by the red lines [Lee 
et al., 2014].
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around 400 km /s as detected by the W IND satellite at (X , Y , Z )g sm  =  (200, -57.5, -43) R E during 
the magnetic reconnection at the dayside magnetopause. Therefore, the solar wind parameters 
are shifted by about 64 minutes to match the Cluster magnetic field measurements. The IMF 
(B;u, By, B^) was (-4, 1, -4) nT (Figure 5.3a), the geomagnetic activity index (Dst) was -9 nT, 
the dynamic pressure was less than 3 nPa and the Kp index was 4, indicating a moderately quiet 
magnetosphere (not shown). The spacecraft crossed the magnetopause several times, which can be 
identified by the sign change in B^ from positive (magnetosphere) to negative (magnetosheath) or 
the opposite (Figure 5.3b). The magnetic field strength (Figure 5.3c), the plasma density and three 
components o f the plasma velocity from the CIS instrument as shown in Figures 5 .3 (d )-5 .3 (f). The 
ratio of the magnetic field strength on the magnetospheric side to that on the magnetosheath side is 
approximately 1.2 and the density ratio is about 1/13. The high-speed flow peaked at 350 km /s was 
observed from 18:50:00 U T to 19:20:00 U T (Figure 5.3f). It satisfies the Walen relation, indicating 
the spacecraft being in the reconnection exhaust region [Paschmann et al., 1979; Sonnerup et al., 
1981]. Flow velocity in the de Hoffmann-Teller (HT) frame is highly correlated (0.93) with the local 
Alfven velocity from 19:00:30 U T to 19:01:00 U T (not shown). The differential fluxes o f energetic 
electrons, protons, helium (>  30 keV) and heavy ions (>  84 keV) from the RAPID  instrument are 
shown in Figures 5.3(g)-5 .3(j).
5 .2 .2  G e o m e try  o f  th e  M a g n e tic  R e c o n n e c t io n
Figure 5.4 shows C3 data from 19:00:00 U T to 19:20:00 UT. The bars at the top mark three different 
regions: the magnetosphere (M sp), the magnetosheath (Msh), and the boundary layer (BL). The 
ion energy spectrogram from CIS-HIA high sensitivity data shows a mixture o f the magnetosheath 
(~  1 keV) and magnetospheric (~  10 keV) ions in the boundary layer, pure magnetospheric ion 
(~  10 keV) in the magnetosphere, and pure magnetosheath ion (~  1 keV) in the magnetosheath 
(Figure 5.4a). The electron differential flux parallel and anti-parallel to the magnetic field (4 s time 
resolution) from the PEACE instrument can also be used to distinguish different regions (Figures 
5.4b-5.4d). In the boundary layer there are both magnetospheric (~  10 keV) and magnetosheath 
(~  100 eV) electrons and ions. High speed flow, V L~350 km /s, was observed in the boundary 
layer (Figure 5.4e). The L component o f the magnetic fields (B L) changed its sign several times, 
indicating that C3 crossed the current sheet several times. The boundary normal coordinates 
(L g s e =(-0.526, 0.298, 0.797), M g s e =(-0.003, -0.937, 0.348), N g s e =(0.850, 0.181, 0.494)), which 
were determined by the minimum variance analysis (M VA) o f the magnetic field, are used. Three 
boundary crossings have been selected to understand the structure o f the reconnection region in 
detail. The transition between the boundary layer and the magnetosphere is marked by the blue 
bar and between the boundary layer and the magnetosheath is marked by the red bar. The electric
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Figure 5.3. Field and plasma data from multiple magnetopause crossings collected by C3 from 
18:00 U T to 20:00 U T on March 5, 2007. (a) Time-shifted (by 1 hour) interplanetary magnetic 
field (IMF) in the GSM  coordinate from W IND satellite, (b) magnetic field in the GSM  coordinates 
(x-component, black; y, green; z, red), (c) total magnetic field, (d) ion density, (e) plasma flow, V x 
and V y components, (f) V z component in the GSM  coordinates, and (g-j) differential particle flux 
o f electrons, protons, helium (>  30 keV) and heavy ions (>  84 keV) [Lee et al., 2014].
z
63
field spectrograms ( 1 s  time resolution) from STAFF are displayed in extended time scale from 
19:01:00 U T to 19:04:00 U T and from 19:06:00 U T to 19:09:00 U T on the magnetospheric side and 
from 19:15:00 U T to 19:18:00 U T on the magnetosheath side in Figure 5.4g. The spectrograms are 
used to determine the location o f the separatrices (black dashed lines) on both the magnetospheric 
and magnetosheath sides where the wave emissions in high frequency range (>  200 Hz) become 
more intense and broader [Retino et al., 2006]. C3 crossed the separatrix on the magnetospheric 
side twice at 19:02:35 ±  1.5s U T and 19:07:19 ±  0.5s UT.
The separatrix on the magnetospheric side can also be identified from a sharp change in the 
parallel electron differential flux (4 s time resolution) at 19:02:36 ±  2s U T and 19:07:23 ±  2s UT,
i.e., from a magnetosheath electron population with a typical energy o f several hundred eV to a 
magnetospheric population o f several keV (Figure 5.4c) [Lindstedt et al., 2009]. The separatrix on 
the magnetosheath side was observed at 19:16:53 ±  0.5s U T when there was a sharp decrease in the 
wave emissions in the high frequency range. This separatrix can also be identified from a decrease 
in the electron flux anti-parallel to the magnetic field at 19:16:51 ±  2s UT. Considering the data 
resolution, the identifications o f the separatrix from two different instrument measurements are 
consistent with each other. The separatrix angle (ds), which is the angle from the current sheet to 
the separatrix, can be calculated by taking the ratio o f the magnetic fields at the separatrix, ds & 
tan_ 1(B ^ /B l ) [Xiao et al., 2007].
The separatrix angle derived from the second separatrix crossing is -5° ±  1°, which is similar 
with the separatrix angle (-5.5° ±  1°) derived from the first crossing at 19:02:34 ±  0.5s UT, 
indicating that the structure o f the magnetic reconnection did not change while C3 crossed the 
separatrix twice. The magnetosheath side separatrix angle was 18° ±  1.5° (Figure 5.4j). The error 
bars were obtained from a propagation error analysis with data resolutions for each instrument. 
The separatrix angle on the magnetosheath side is much larger than that on the magnetospheric 
side, indicating an asymmetric magnetic reconnection geometry.
There are three ways to identify the flow boundary (gray dashed lines), the density gradients 
(Figure 5.4h) [Vaivads et al., 2010; Lindstedt et al., 2009], the velocity changes (Figure 5.4i) [Lind- 
stedt et al., 2009; Gosling et al., 1990a], and the ion energy spectrum (Figure 5.4a) [Lindstedt et al.,
2009]. We used all three ways to identify the flow boundary on the magnetospheric side, which 
was observed at 19:02:31 ±  2s U T and at 19:08:00 ±  2s UT. However, the flow boundary on the 
magnetosheath side is hard to identify using the density changes because the density on the mag- 
netosheath side o f the reconnection region is already high. Therefore Gosling et al. [1990a] used the 
velocity changes to identify the flow boundary (ion edge) and Lindstedt et al. [2009] identified the 
flow boundary using the velocity changes o f V L and the ion energy spectrum on the magnetosheath 
side, which are the same criteria as we used and it was observed at 19:16:47 ±  2s UT.
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Figure 5.4. Extended time scale observations from C3. Two blue bars and a red bar show the 
separatrix crossings on magnetospheric and magnetosheath side. (a) Energy spectrogram of ions, 
(b) electron differential flux (omni-direction), (c and d) electron differential flux parallel and anti­
parallel to the magnetic field, (e and f) velocity and magnetic field projected in the L M N coordinate 
system, respectively, (g) electric field spectrogram from 19:01:00 UT to 19:04:00 UT (left), from 
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The angle o f flow boundary relative to the current sheet can be obtained by using the simple 
trigonometry (see Figure 5.5a). If the structure is stable and moves at a constant speed along the 
direction normal to the magnetopause, time intervals taken from the current sheet (blue dashed 
line) to the flow boundary (gray solid line) and to the separatrix (black solid line) are proportional 
to the distances. The velocities o f the structure along the normal direction, while crossing the 
current sheet and the separatrix on the magnetospheric side, are 28.5 ±  3.6 km /s and 26.7 ±  1.1 
km /s, respectively. The normal velocities obtained from two different boundary crossings by the 
timing method are similar, so the assumption is reasonable. We obtain the time intervals, ts =  32 
±  1.5s and t f  =  27 ±  2s, to approach the separatrix and the flow boundary from the current sheet 
during 19:01:00 U T - 19:04:00 UT, respectively, and the separatrix angle (0s,magnetosphere =  -5.5° 
±  1°) on the magnetospheric side, allowing the flow boundary angle (0 f) to be estimated at 0f & 
tan- 1 ( t f / ( t s/tan0s)). The flow boundary angle on the magnetospheric side is -4.6 ±  0.9°. The flow 
boundary angle on the magnetosheath side can be also obtained as 15.6° ±  1.7° by taking ts =  42
±  0.5s, t f  — 36 ±  2s, and 0s,magnetosheath — 18 ±  1.5 .
The separatrix angle (0s,magnetosheath) and flow boundary angle (0fmagnetosheath) on the mag- 
netosheath side are larger than those on the magnetospheric side (strongly asymmetric). Then 
the geometry o f the asymmetric reconnection can be deduced with different separatrix and flow 
boundary angles and illustrated in Figure 5.5(a). C1 crossed the separatrix on the magnetospheric 
(magnetosheath) side at 19:03:38 ±  0.5s U T (19:17:48 ±  2s U T) with separatrix angles, -6.5° ±
0.5° (18° ±  1°). The flow boundary was observed by C1 at 19:03:34 ±  2s U T with flow boundary 
angle -5.7° ±  0.6° on the magnetospheric side and at 19:17:28 ±  2s U T with 17° ±  1° on the 
magnetosheath side.
C1 (black square) and C3 (green square) configurations are also illustrated in the LM N  reference 
frame, while they were crossing the separatrices several times on the magnetospheric and the 
magnetosheath sides (Figure 5.5a). The distances o f C3 and C1 from the X-line can be estimated 
by using the separatrix angles, velocity of the structure along the normal direction, and the time 
differences from the current sheet to the separatrix. For example, using the time interval, 32 s, 
which C3 takes from the current sheet to the separatrix on the magnetospheric side, and the velocity 
o f the structure along the normal direction, 28.5 km /s, the distance (h =  V x t) from the current 
sheet to the separatrix is 0.14 ±  0.02 R E. And taking the tangent o f the separatrix angle (I =  
h /tan0s), the distances (I, red numbers) from the X-line to the location o f the C3 and C1 on the 
magnetospheric side (magnetosheath side) can be obtained as 1.48 ±0 .2  R E (0.25 ±0.06 R E) and 
1.21 ±0.18 R e  (0.95 ±0.13 R E), respectively.
The RAPID  experiment on board Cluster measures 3-D energetic proton fluxes in the energy 
range above 30 keV (Figure 5.5b) and FGM  measures L component o f the magnetic field observed
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NFigure 5.5. (a) A  sketch o f the asymmetric reconnection geometry with different separatrix angles 
(0s) and the flow boundary angles (0 f ), 0s,magnetosheath =  18°±1.5°, 0s,magnetosphere =  -5 .5°±1°, 
0f,magnetosheath =  15.6°±1.7°, and 0f,magnetosphere =  -4 .6°±0.9° in the boundary normal coordinates, 
assuming the motion o f structure is stable and moves at a constant speed along the direction normal 
to the magnetopause. ‘ 1’ and ‘3 ’ ( ‘2 ’ and ‘4 ’) mark the times when C3 (C1) cross the separatrices 
(e.g., ‘ 1’ is the time when C3 crosses the separatrix on the magnetospheric side). The red numbers 
show the distances from the X-line to the locations o f the C1 and C3 at the separatrices. (b) 
Differential flux of energetic protons, (c) B L component, (d) error o f current calculation, and (e) 
J x B  force density observed by C1 and C3. The separatrices are marked by black dashed lines and 
the current sheet crossings are marked by blue dashed lines [Lee et al., 2014].
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by C1 (black line) and C3 (green line) (Figure 5.5c). In the plot we have identified several separatrix 
crossings labeled ‘ 1’ to ‘4 ’ with black dashed lines (e.g., ‘ 1’ marks the time when C3 crosses the 
separatrix on the magnetospheric side). The flux detected by C3 was higher than that detected by 
C1 because C3 is closer to the equator and the X-line. The distances (numbers in red color) from 
the X-line are approximately the same within the error bar when C1 and C3 crossed the separatrix 
on the magnetospheric side ( ‘ 1’ and ‘2 ’) so that same amount of fluxes were detected (Figure 5.5b); 
on the other hand, more energetic protons were observed by C3 than C1 when they crossed the 
separatrix on the magnetosheath side ( ‘3 ’ and ‘4’) because C1 was further away from the X-line.
The current sheets are marked by blue dashed lines, the separatrices by black dashed lines. The 
left boundaries cover the inbound pass o f the magnetopause while those on the right describe its 
outbound pass. The current can be calculated from the curl of the magnetic fields measured by 
the four spacecraft using the curlometer method. The quantity V  • B /  \V x  B| can be used as an 
estimate o f the error, A J /J  [Robert et al., 1998]. Most o f the values o f V  • B /  \V x  B\ (the error of 
current density calculation) are between ±0.5, indicating that the current calculation is reliable in 
general (Figure 5.5d). The J x B  force density on the magnetosheath side is approximately 0.0018 
10-18 N /m 3 from 19:01:06 (marked by blue triangles) to 19:02:04 U T (blue dashed line, i.e., the 
current sheet), while that on the magnetospheric side is about 0.0005 10-18 N /m 3 from 19:02:04 
(blue dashed line, i.e., the current sheet) to 19:02:36 U T (marked by blue triangles) for C3 (Figure 
5.5e). The force is larger on the magnetosheath side o f the reconnection region than that on the 
magnetospheric side.
5 .2 .3  C o ld  and  E n e rg e tic  Ion  B eh a v iors
Both cold ions (5^30 eV) and energetic ions (>10 keV) were present in the magnetosphere from 
19:02:20 - 19:05:00 U T (Figure 5.6a). The motion o f the cold ions were initially perpendicular to 
the magnetic field (Figure 5.6b) and were accelerated perpendicular to the magnetic field between 
the separatrix and the flow boundary and beyond the flow boundary (Figures 5.6c-5.6e). The pitch 
angle o f the magnetospheric ions (>10 keV) peaked at 90° in the magnetosphere. The energetic ions 
also moved perpendicular to the magnetic field between the separatrix and the flow boundary. Then 
the pitch angle o f the energetic ions peaked at 0° from 19:02:04 U T to 19:02:31 U T (between the 
blue dashed line and the black dashed line) and 180° from 19:01:00 U T to 19:02:04 U T (inside the 
blue dashed line) (Figures 5.6j-5.6l). Mixture o f magnetospheric and magnetosheath ions (Figures 
5.6e-5.6i, 100 eV ~10 keV) moved parallel to the magnetic field on the magnetospheric side o f the 
reconnection region (0° pitch angle) and anti-parallel to the magnetic field on the magnetosheath 
side (180° pitch angle ). The cold ions were not observed on the magnetosheath side of the current 
sheet.
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The energetic ions were observed in the boundary layer during the reconnection process. The 
energetic ions (>10 keV) have 90° pitch angle outside of the reconnection region in the magne­
tosphere (Figures 5.6j—5.6l). Once they entered the reconnection region, the pitch angle changed 
to 0° on the magnetospheric side o f the reconnection region, then to 180° on the magnetosheath 
side. The observed pitch angle distributions are consistent with the reconnection picture: The 
energetic ions flow into the reconnection region from the magnetosphere and participate the re­
connection process, then they are accelerated together with other magnetosheath ions and thermal 
magnetospheric ions by the reconnection and observed in the outflow region.
Figure 5.7 shows 9 examples of two-dimensional cuts through the three-dimensional distributions 
observed while C3 is near the current sheet (Figure 5.7C 1-3), at the flow boundary (Figure 5.7F 
1-3) , and at the separatrix (Figure 5.7S 1-3). The horizontal and vertical axes denote velocity 
components perpendicular and parallel to the magnetic field, respectively. There were two ion 
populations detected simultaneously at the separatrix on the magnetospheric side in Figures 5.7(S1) 
and 5.7(S2): one was the cold dense plasmaspheric ions with energies o f the order o f 10 eV, the 
other, the hot magnetospheric ions with energy above ~10 keV. Both populations were flowing 
perpendicular to the magnetic field. The magnetosheath ions also moved perpendicular to the 
magnetic field (Figure 5.7(S3)). The thermal and energetic magnetospheric ions moved parallel 
to the magnetic field at the flow boundary (Figure 5.7(F1)) and the magnetosheath ions moved 
anti-parallel to the magnetic field (Figure 5.7(F3)), while the cold ions were accelerated with near 
zero parallel velocity as shown in Figure 5.7(F2) by comparing the perpendicular velocity in Figure 
5.7(S2). The mixture o f the magnetospheric ions and transmitted magnetosheath ions were flowing 
parallel and anti-parallel to the magnetic field, respectively in Figure 5.7(C1) and 5.7(C3). The 
cold ions were not observed on the magnetosheath side of the reconnection region, i.e., inside the 
flow boundary (Figure 5.7(C2)).
5.3 D iscu ss ion
5.3 .1  A s y m m e tr ic  R e c o n n e c t io n  G e o m e tr y
In the previous section, we have shown that the flow boundary angle on the magnetospheric side 
is -4.6° ±  0.9° and on the magnetosheath side is 15.6° ±  1.7° and the saperatrix angle on the 
magnetospheric side is 0s =  -6.5° ±  0.5° and 18° ±  1° on the magnetosheath side. These results 
show a significant asymmetric reconnection geometry at the dayside magnetopause. How can we 
understand the asymmetric reconnection geometry at the dayside magnetopause?
In MHD simulations, the location of the X-line has been predicted by using the conservation 
of magnetic energy flux and follows 5X2/5X  1 & B 2/ B 1, where 5X1 ,2 are the distances between the 
upstream edges o f the dissipation region and the X-line [Cassak and Shay, 2009]. For asymmetric
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Figure 5.6. (a) Ion energy spectrum and (b-l) pitch angle distributions with different energy chan­
nels from 19:01:00-19:05:00 UT. Boundaries marked by vertical dashed lines are the separatrix 
(black dashed line, (S)), the flow boundary (gray dashed line, (F )), and the current sheet (blue 
dashed line, (C )) [Lee et al., 2014].
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Figure 5.7. Two-dimensional cuts o f the three-dimensional ion distributions obtained while C3 
is (C 1-3) near the current sheet, (F 1-3) at the flow boundary, and (S 1-3) at the separatrix. 
There are three ion populations: the thermal and the energetic magnetospheric ions; the cold ions 
originating from the plasmasphere; and the transmitted magnetosheath ions. The cold ion behavior 
is different from the behaviors o f the transmitted magnetosheath ions and thermal and energetic 
magnetospheric ions [Lee et al., 2014].
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reconnection, it has been shown by MHD simulation that the X-line and stagnation point are not 
co-located, enabling the bulk plasma inflow to cross the X-line. The X-line is offset toward the side 
with weaker magnetic field and sub-Alfvenic flow compared to that with the stronger magnetic field 
and the super-Alfvenic flow since it takes more energy to bend the magnetic fields on the strong 
field side and the stagnation point is offset toward whichever side has the smaller value o f p/B 
[Cassak and Shay, 2007; Birn et al., 2008; Cassak and Shay, 2009]. If the X-line moves toward the 
magnetosheath side, the separatrix angle on the magnetosheath side should be smaller than that 
on the magnetospheric side, which is opposite to the results obtained in this chapter.
In this chapter, we have analyzed in detail boundaries of the reconnection region and found an 
asymmetric structure, i.e., the separatrix and flow boundary angles and the J x B  force density 
on the magnetosheath side are larger than those on the magnetospheric side. Acceleration o f a 
higher density plasma requires a larger J x  B  force density, which is proportional to the square 
root of density and magnetic field (J x B  =  F  =  nma =  nm V A / t  =  n m B / ^ ii,0nm t) a  -JnB). 
The J x  B  force density is also proportional to the tangent o f the separatrix angle (J x B  force 
density a  tan(0s)). This causes the separatrix angle on the magnetosheath side to be larger than 
that on the magnetospheric side because the density ratio (~13) o f the magnetosheath to the 
magnetospheric side is larger than magnetic field ratio (~1.2) o f two sides. The larger force on the 
magnetosheath side can shift the X-line toward the magnetospheric side which is consistent with 
the results from M ozer et al. [2008].
5 .3 .2  C a n  C o ld  Ion s A ffe c t  th e  R e c o n n e c t io n  D y n a m ics?
The cold ions (5^30 eV) with near zero parallel velocity were observed at the separatrix (Figure 
5.8a). As can be seen from Figure 5.8(b), once the cold ions were energized, three cold ion popu­
lations (probably H+, He+, and O+) appeared in the energy spectrum because they have different 
masses and were accelerated to the same velocity (~100 km /s). Helium (He+) and oxygen ions 
(O + ) were energized 4 and 16 times higher than that o f the proton (H +). Borovsky and Steinberg 
[2006] hypothesized that high-density plasma could reduce the local Alfven speeds, and Borovsky 
and Denton  [2006] noticed reductions in the amount o f solar wind/magnetosphere coupling during 
geomagnetic storms when very high density plasma from the plasmasphere was convected into the 
dayside reconnection site. In a simulation study, Borovsky et al. [2008] showed a spatially localized 
plume o f plasma can reduce the reconnection rate by about a factor o f 2. However, the accelerated 
cold ions motion we have observed were perpendicular to the magnetic field. If they were acceler­
ated by the reconnection process like the thermal and energetic magnetospheric ions, they would 
have velocity parallel to the magnetic field. In addition, the cold ions should be observed in the 
outflow region with other accelerated particles if they flow into the diffusion region and participate
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the reconnection process. However, the cold ions were observed only near the separatrix and the 
flow boundary on the magnetospheric side. Therefore, the cold ions did not participate in the 
reconnection process.
The schematic drawings o f the motion o f the thermal and energetic magnetospheric ions (red 
arrows), cold ions (blue arrows), and the magnetosheath ions (dark green arrows) in the H T frame 
(where the convection electric field vanishes) are illustrated in Figure 5.9. Thermal and energetic 
magnetospheric ions and the magnetosheath ions were accelerated with large parallel velocities by 
the reconnection process and away from the X-line as shown in Figure 5.9(t1). The cold plasmas- 
pheric ion flow into the reconnection outflow region by the E x B  drift rather than into the diffusion 
region near the subsolar magnetopause (Figure 5.9(t2)). Thus the cold ions are picked up by newly 
reconnected field line at high latitude and accelerated by the convection electric field perpendicular 
to the magnetic field, which is similar to the pickup ion process in the solar wind. Behavior of 
the cold ions in our observations agrees with the test particle simulation results from Drake et al. 
[2009]. Drake et al. [2009] showed that heavy ions crossing the separatrix into the exhaust behave 
like pick up ions, which perform a cycloidal motion in the plane perpendicular to the guide field 
and gain perpendicular energy. Our observations show that the cold ions also behave like pick 
up ions, which were carried into the reconnection region by the reconnected field line and gain 
perpendicular energy. Gosling et al. [1990b] also observed a cold ion beam whose speed was always 
less than the transmitted magnetosheath ions although both populations shared the same E x  B  
drift. They suggested that the cold beams are accelerated simply by being tied to the field lines. 
Our observations are consistent with those of Gosling et al. [1990b].
5 .4  S u m m a ry  an d  C on clu s ion s
We have presented a study o f an asymmetric magnetic reconnection event on March 5, 2007 at 
the dayside magnetopause. Separatrices and flow boundaries on both the magnetospheric and 
magnetosheath sides are identified by sharp changes in the electromagnetic wave spectrogram, 
particle differential flux, plasma flow, magnetic field and density gradients. The cold plasmaspheric 
ions (5^30 eV) are observed on the magnetospheric side of the current sheet and the energetic 
protons, helium, (>  30 keV) and oxygen ions (>  84 keV) are also observed in the reconnection 
region. The significant observations can be summarized as follows:
1. The separatrix and flow boundary angles on the magnetosheath side are larger than those 
on the magnetospheric side. This may be caused by the stronger asymmetry in the plasma 
density than that in the magnetic field.
2. The asymmetric geometry o f the magnetic reconnection is obtained by different separatrix
73
C3 C IS -H IA  ( PAD_HS_MAG_10 NS_PF)
(a)
><D
>x
CPL.<D
C
2 0 0 7 -0 3 -0 5 T 19:02:35.799Z
90°
pitch-ongle 5 16 28 39 50 61 73 84
(degrees) 95 106 118 129 140 151 163 174
180°
(b)
o>
2 0 0 7 -0 3 -0 5 T 1 9:02:27.531 Z 
90°
100 1000 10000 
Energy (eV)
pttch-angle 5 16 28 39 50 61 73 84
(degrees) 95 106 118 129 140 151 165 174
—P™iir
10000 1000 100 10 10 100 1000 10000
180°
10000
10’ ■
Energy (eV)
Figure 5.8. The energy spectra o f cold ions with different pitch angles during the magnetic recon­
nection (a) at the separatrix and (b) inside the flow boundary. The cold dense plasmaspheric ions 
with near zero parallel velocity were observed at the separatrix (a) and were accelerated perpen­
dicular to the magnetic field inside the flow boundary (b). Three cold ion populations (probably 
H+, He+, and O+) appear in the energy spectrum because they have different masses and were 
accelerated to the same velocity (~100 km /s) [Lee et al., 2014].
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Figure 5.9. Reconnection configuration with qualitative sketch of the motion o f cold (blue arrow), 
thermal and energetic magnetospheric ions (red arrow), and magnetosheath ions (dark green ar­
rows) in the HT frame. The transmitted magnetosheath ions and thermal and energetic ions are 
accelerated by the reconnection process (t1). The source o f the cold ions in reconnection can be 
plumes detached from the plasmasphere. The cold ions flow into the reconnection outflow region 
by the E x  B  drift. They are picked up by newly reconnected field line and accelerated by the 
convection electric field perpendicular to the magnetic field (t2). The green dotted line shows the 
spacecraft (C3) trajectory. The black lines, which are connected to the X-line, denote the sepa- 
ratrices, the gray lines correspond to the flow boundaries, the blue dashed line marks the current 
sheet crossings, and the yellow area shows the reconnection region [Lee et al., 2014].
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angles on both sides o f the current sheet.
3. The cold dense plasmaspheric ions are picked up by recently reconnected field lines at higher 
latitude rather than in the diffusion region near the subsolar magnetopause. These cold ions 
are accelerated by the electric field perpendicular to the magnetic field and carried by the 
reconnection convection flow which is similar to the pickup ion process.
4. Three cold ion populations (probably H+, He+, and O +) appear in the energy spectrum 
because they have different masses and are accelerated to the same velocity.
5. The observed pitch angle distributions for the energetic ions (>  10 keV) in the boundary 
layer are consistent with the reconnection picture.
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C h a p te r  6
A s y m m e tr ic  Io n o s p h e r ic  O u tflow  O b serv ed  at th e  D a y sid e  M a g n etop a u se
6.1 In tro d u ct io n
The dominant sources o f the plasma in the dayside low-latitude boundary layer o f the magneto­
sphere are solar wind plasma from the magnetosheath, the magnetospheric plasma from the outer 
magnetosphere, and cold plasma from the ionosphere. During southward interplanetary magnetic 
field (IM F), solar wind plasma travels along the merged magnetic field line and is conducted into 
the low-latitude boundary layer. Even during periods o f northward IMF, solar wind plasma is con- 
vected toward the magnetosphere with several transfer processes. The three different populations 
can be distinguished with their different energies shown in the energy spectra: the magnetosheath 
plasma (~ 1  keV), the magnetospheric plasma (~10 keV), and the ionospheric plasma (~ 1  eV).
The observed low-energy ions o f ionospheric origin at the dayside magnetopause may result from 
three different regions: the plasmaspheric plume, the plasmaspheric wind, and the ionospheric 
outflow. During increasing geomagnetic activity, the enhanced convection electric field causes 
erosion of the outer plasmasphere. Thus, the cold and dense plasmaspheric ions can be released to 
the Earth’s dayside magnetopause, which is called detached plasmaspheric material or plume [Su 
et al., 2000; McFadden et al., 2008; Goldstein et al., 2004]. Lee et al. [2014] have reported the plume 
o f cold plasma observed at the dayside magnetopause by the Cluster spacecraft. They have found 
that the plasmaspheric cold ions were transported into the reconnection region by E  x  B  drifts at 
high latitudes on the recently reconnected magnetic field lines. Walsh et al. [2014] have also shown 
simultaneous observations o f a plasmaspheric plume and its involvement in the dayside magnetic 
reconnection by using ground-based total electron content maps and Time History of Events and 
Macroscale Interactions during Substorms measurements.
The existence o f a plasmaspheric wind was proposed by Lemaire and Schunk [1992]. This 
wind steadily transports cold plasmaspheric plasma outward across the magnetic field lines, even 
during quiet geomagnetic conditions. Dandouras [2013] presented Cluster observations o f the plas­
maspheric wind in the Earth’s magnetosphere during quiet and moderately active geomagnetic 
conditions.
The ionospheric ion outflows also play very important roles as a particle source for populating 
the inner magnetosphere, nightside plasma sheet, and ionosphere-magnetosphere coupling [Chappell 
et al., 1987; M oore , 1991]. The low-energy (~0.1 eV) ionospheric ions need to be energized at least to 
about ~10 eV by more than one ion energization mechanism in order to reach their escape velocities 
[Yau and A ndre , 1997; Engwall et al., 2009; Yau et al., 2007; Zheng et al., 2005; Strangeway et al., 
2005]. However, ionospheric ion outflows have rarely been observed at the dayside magnetopause.
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Fuselier et al. [1989] have reported that field-aligned oxygen ion (O +) beams and the enhanced O+ 
density were observed in the low-latitude boundary layer from the Charge Composition Explorer 
satellite in the Active Magnetospheric Particle Tracer Explorers mission. They have suggested that 
the northern and southern high-latitude polar regions are potential sources for the O+ beams, which 
have velocities both parallel and antiparallel to the magnetic field in the dayside magnetospheric 
boundary layer.
In this chapter, first, we show that the asymmetric ionospheric ion outflows (cold ions coming 
only from the Southern Hemisphere) are observed by the Cluster spacecraft during a magnetic 
reconnection event at the dayside magnetopause on 8 April 2008. In addition, cold ion (<  200 eV) 
flux modulations caused by the ULF wave electric fields are discussed.
6 .2  O b serv a tion s  and  A n a lyses
6 .2 .1  O v erv iew  o f  O b serv a tion s
The Cluster observations and the DMSP F13 and F15 spacecraft data sets are used to investigate 
the properties o f the cold ions observed at the dayside magnetopause in this chapter. Figure 6.1 
shows the Cluster 1, Cluster 3, DM SP F13, and F15 spacecraft locations illustrated in the X - Y , Y - 
Z , and Z -X  GSE plane at 12:35:00 U T on 8 April 2008. Cluster 1 (C1, black square) and Cluster 3 
(C3, green star) were located at ( X , Y , and Z ) =  (10.943, —1.529, and 1.320) and (10.868, —2.680, 
and 0.934) R E , respectively, in the GSE reference frame. The Cluster spacecraft was traveling in 
the northern hemisphere on the dawn side. DMSP F13 (F13, orange upside down triangle) was in 
the Northern Hemisphere, ( X , Y , and Z ) =  (0.334, 0.212, and 1.057) RE and DMSP F15 (F15, 
dark green star) was in the Southern Hemisphere, ( X , Y , and Z ) =  ( —0.415, 0.102, and —1.045) 
R e . The locations of the magnetopause and the bow shock, which are determined by the Fairfield 
model, are marked by the red lines [FairfieJd, 1971].
Figure 6.2 shows solar wind observations from the W ind spacecraft. The solar wind speed, as 
measured by W ind located at ( X , Y , and Z ) c s E =  (205.127, 76.675, and —9.785) R E , is around 
626 km /s. At this speed, it took the solar wind about 35 mins to propagate from W ind to Cluster. 
The shaded region marks the interval corresponding to the Cluster observation from 12:30:00 UT 
to 12:50:00 UT. On average, the dynamic pressure is about 1.9 nPa and the proton density is about 
2.8 cm - 3 . The dominant component o f the IMF is a negative B x (GSE), i.e., a nearly radial IMF; 
however, the IMF B z component remains southward, which favors B z reconnection at the subsolar 
point. The geomagnetic activity index (D st) is —18 nT with K p  ~  4, indicating a moderately quiet 
magnetosphere.
Figure 6.3 shows Cluster measurements in the GSE coordinate system by the C1 and C3 satel­
lites. The density of the cold ions in the magnetosphere is less than 5 cm -3  from the Hot Ion
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Figure 6.1. Cluster spacecraft C1, C3, DM SP F13, and F15 locations in the Y - X , Y -Z , and Z -X  
GSE plane at 12:35:00 U T on 8 April 2008. The locations o f the magnetopause and the bow shock, 
which are determined by the Fairfield model, are marked by the red lines [Lee et al., 2015a].
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WIND
TIME (UT)
Figure 6.2. Solar wind measurements from W ind. (top to bottom ) The dynamic pressure, proton 
density, plasma velocity Vx component, and magnetic field components in the GSE coordinate 
system. The shaded region marks the interval corresponding to the Cluster observations from 
12:30:00 U T to 12:50:00 U T [Lee et al., 2015a].
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Analyzer (HIA) measurements from the Cluster Ion Spectrometry (CIS) experiment (4 s spin- 
resolution) [^eme et al., 2001] (Figure 6.3a). The three components of the electric field from the 
electric field and wave (EFW ) instrument (4 s resolution) are shown in Figure 6.3(b) [Gustafsson 
et al., 1997]. The flow velocities from CIS/H IA (4 s resolution) and the magnetic fields from the 
fluxgate magnetometer (FGM ) at a resolution o f 0.004 s [Balogh et al., 1997] in GSE coordinates 
for the interval from 12:30:01 U T to 12:50:00 U T are shown in Figures 6.3(c) and 6.3(d).
C1 and C3 encountered the magnetopause twice during the time interval from 12:30:00 UT 
to 12:50:00 UT, for C1 at around 12:33:04 U T and 12:43:35 U T and for C3 at around 12:32:56 
U T and 12:45:24 UT. The magnetopause crossings was identified by the magnetic field rotation 
from its southward (B z <  0, outside the magnetosphere) to its northward (B z >  0, inside the 
magnetosphere) orientation. The northward high-speed plasma flow (Vz >  0) was observed in the 
magnetosheath boundary layer (MSBL) from 12:30:30 U T to 12:32:30 U T by C1 and from 12:32:10 
U T to 12:33:30 U T by C3 (Figure 6.3c). The plasma jet speed in MSBL is higher than that of the 
magnetosheath flow. These factors indicate that both C1 and C3 are in the northern side o f the 
reconnection site. [Paschmann et al., 1979; Sonnerup et al., 1981]. The ion energy spectrogram from 
CIS/H IA, high sensitivity data shows three different populations: magnetosheath (~ 1  keV) ions, 
magnetospheric ions (~20 keV), and low-energy (10-200 eV) ions (Figure 6.3e). The pitch angle 
distributions o f cold ions changed from ~90° to broad range o f pitch angles from 0° to 75° (Figures 
6.3e and 6.3f). Figure 6.3(g-i) show the electron spectrogram and the pitch angle distributions for 
electrons with energy ranges: 5-200 eV and 0.5-1.5 keV, respectively, from the plasma electron 
and current experiment (PEACE), which is measured in a sequence o f spins [Fazakerley et al.,
2010]. The pitch angle of the low-energy (5 eV -1.5 keV) electrons has a bidirectional distribution. 
It indicates that the magnetic field lines are closed, and the electrons are then coming from both 
hemispheres, or they come from the one side of the hemispheres and reflect back from the other 
side o f the hemispheres.
6 .2 .2  B eh a v io r  o f  C o ld  Ion s at th e  D a y sid e  M a g n etop a u se
Figure 6.4 shows the energy spectra o f cold ions with 16 different pitch angles during two selected 
time intervals marked by black arrows in Figure 6.3 observed by C1 (a and c) and C3 (b and d). 
The cold ion behaviors were similar between the observations by C1 and C3. W hen the cold ions 
were close to the magnetic reconnection region, the pitch angles o f the cold ions observed by both 
C1 and C3 were peaked at ~90° from 12:36:10 U T to 12:36:14 U T and from 12:36:09 U T to 12:36:13 
UT, respectively (Figures 6.4a and 6.4b). This indicates that the cold ions move in a perpendicular 
direction to the magnetic field. They can be a locally trapped population (possibly, plasmaspheric 
plume population), which is different from the ionospheric outflow.
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Figure 6.3. Cluster spacecraft (left) C1 and (right) C3 data from 1230 U T to 1250 U T on 8 April 
2008. (a) Ion density from CIS/H IA. (b) The electric field components from EFW . (c) The velocity 
components. (d) The magnetic field components. (e) Ion spectrum. (f) Pitch angle distributions for 
low-energy (<1  keV) ions. (g) Electron spectrum. (h and i) Pitch angle distributions for electrons 
with the energy ranges 5 <  E (e_ ) <  200 eV and 0.5 <  E (e_ ) <  1.5 keV, respectively. The vertical 
dashed lines mark the times when the pitch angle distributions o f the low-energy ions start to 
change (Figure 6.3f). Black arrows mark the times when the energy spectra of the cold ions in 
Figure 6.3 were measured [Lee et al., 2015a].
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Figure 6.4. The energy spectra of cold ions with 16 different pitch angles during two selected time 
intervals (marked by black arrows in Figure 6.2) observed by (a, c) C1 and (b, d) C3 [Lee et al., 
2015a].
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Figures 6.4c and 6.4d show two peaks o f the differential particle flux whose pitch angles were 
mostly less than 50° from 12:37:25 U T to 12:37:29 U T and from 12:37:24 U T to 12:37:28 UT, 
respectively. The ion energy spectra from C1 and C3 were fitted by drifting Maxwellian distributions 
which allow us to find the energies at which the particle flux peaks. The energies o f two ion flux 
peaks observed by C1 (C3) were found at 21 eV and 91 eV (21 eV and 76 eV), respectively, with 
near 0° pitch angle distribution. The two energy peaks in the ion spectra can be explained as the 
ionospheric outflow consisting o f two ion compositions (H+ and He+) since the value o f the second 
energy peak is about 4 times the first one. This is consistent with an ionospheric outflow scenario.
The cold ion (<  200 eV) flux variations were shown in the energy spectrum in the omnidirec­
tion from C1 (Figure 6.5a). Figure 6.5b shows the low-energy ion fluxes variation in the differential 
energy fluxes in less than 200 eV energy channels. The low-energy ion flux oscillations were highly 
correlated with the plasma drift velocity components Vx and Vy. The period o f successive fluctu­
ations is about 60-120 s (in the ULF wave frequency). The X GSE and Ygse components o f the 
measured ion bulk flow (black lines) are consistent with the X GSE and YGSE components of the 
E  x B  drift velocity (red lines) calculated from the cross product o f the measured electric and 
magnetic fields (V  =  E  x B /B 2) (Figures 6.5c and 6.5d).
The ZGSE component o f the ion flow velocity (black line) is different from that of the E  x B  
drift (red line) due to the presence o f the field-aligned flow (Figure 6.5e). The average E  x B / B 2 
velocity with E  o f 3 m V /m  and B  of 47 nT can be calculated to be 64 km /s, which is comparable 
with the velocity (~69 km /s) o f a proton o f 25 eV (the central energy o f the ion spectrum from 
12:33:40 U T to 12:43:00 U T is marked by the dashed line in Figure 6.5a). The average total ion 
flow velocity (Vt) o f the cold ions in the magnetosphere from 12:33:40 U T to 12:43:00 U T is about 
67 km /s (marked by the dashed line in Figure 6.5f), indicating that the cold ions are controlled by 
the E  x  B  drift.
The low-energy ions may play an important role in the dayside reconnection. Several studies 
have predicted that the cold and dense plasmas may reduce the solar wind-magnetosphere coupling 
[Borovsky et al., 2013; Walsh et al., 2013]. However, Lee et al. [2014] suggested that cold ions have 
a limited effect on the reconnection process. Understanding the behavior o f the cold-dense plasmas 
is important to address their effects on the solar wind-magnetosphere coupling, which is a goal of 
our future research.
6 .3  A s y m m e tr ic  Io n o s p h e r ic  O u tflow s
The unidirectional low-energy ions (<  200 eV) were observed by Cluster with a pitch angle distribu­
tion from 0° to 75°, revealing dominance in the parallel direction to the local magnetic field in the 
magnetosphere (Figures 6.3e and 6.3f). The parallel cold ion fluxes (0°-75°) were more than 100
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Figure 6.5. (a) Ion spectrum obtained by CIS-HIA o f C1, (b) particle energy fluxes in less than 
200 eV energy channels, (c -e ) comparisons o f X GSE, Yq s e , and Z gse  components o f ion flow 
velocity (black lines) with X GSE, YGSE, and ZGSE components o f the E  x B / B 2 velocity (red 
lines), respectively. (f) Total ion bulk flow velocity [Lee et al., 2015a].
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Figure 6.6. Sketch of geometry o f the magnetosphere and the location of the C1, C3, DM SP F13, 
and DMSP F15 at 12:35:00 U T on Y -Z  and X -Z  plane in the GSE coordinate system. The blue 
arrows indicate the ion outflow from the ionosphere [Lee et al., 2015a].
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times higher than the antiparallel fluxes. This indicates that the Southern Hemisphere ionosphere 
can be the most dominating plasma source during this event.
The asymmetric ionospheric outflows at the dayside magnetopause can be due to the seasonal 
magnetic field geometry. During this event on 8 April 2008 (Figure 6.6), the Southern Hemisphere 
was in winter (darkness), and the Northern Hemisphere was in summer (sunlit). The winter hemi­
sphere has a lower conductivity, which has been shown in statistical studies [Laundal and 0stgaard , 
2009; Newell et al., 1996; Liou et al., 2001]. The low conductivity drives an enhancement in the 
perpendicular electric field, due to closing the upward and downward Pedersen currents [Karlsson , 
2001]. The strong perpendicular electric field causes strong frictional heating and, therefore, in­
creases the ion temperature. Since the outflow rate is strongly correlated with the ion temperature 
[Wahlund et al., 1992], this may cause that the ionospheric outflows come from only one hemisphere 
(an asymmetric ionospheric outflow).
The DMSP observations at Sun-synchronous orbit may provide some clues on the cause o f the 
asymmetric ionospheric outflow, although the Cluster and DM SP spacecraft are not on the same 
field lines. The DM SP observations show that the ion temperature in the Southern Hemisphere 
is indeed higher than that in the Northern Hemisphere. Figure 6.7 shows plasma data taken 
from the Spacial Sensor-Ions, Electrons, and Scintillation (SSIES) package from the polar passes 
o f F13 (left column) and F15 (right column) through the high-latitude regions in the Northern 
and Southern Hemispheres, respectively. The SSIES instrument ion drift meter (IDM ) [Rich and 
Hairston , 1994] and the retarding potential analyzer (RPA) [Rich and Hairston , 1994; Greenspan
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Figure 6.7. DMSP (left) F13 observations and (right) F15 observations (right) from 1230 U T to 
1250 U T on 8 April 2008. (a) The total ion density (black line) and the hydrogen density (red 
line), (b) vertical ion velocity (positive spacecraft zenith), (c) vertical bulk ion number flux (positive 
spacecraft zenith), and (d) ion (black line) and electron (red line) temperatures. The shaded areas 
in Figure 6.7c represent the upward ion fluxes (i.e., upflows) [Lee et al., 2015a].
et al., 1986] package provide density and flow data for the thermal plasma in the upper ionosphere 
[Heelis and Hairston , 1990; Hairston and Heelis, 1993]. In this case, Vz is positive for flows in the 
upward spacecraft zenith direction (Figure 6.7b). The net number flux is derived from the product 
o f the velocity (Vz) and ion density (Ni) (Figure 6.7c). The positive vertical ion number flux in the 
Northern Hemisphere for the period between 12:35:25 U T and 12:39:00 U T and the negative one 
in the Southern Hemisphere from 12:30:00 U T to 12:36:00 U T and from 12:36:20 U T to 12:39:00 
UT are the upward ion fluxes, shown shaded in Figure 6.7c. Figure 6.7d shows that the DMSP ion 
temperature measurements. The ion temperature (black line) in the Southern Hemisphere is much 
higher than that in the Northern Hemisphere when the upward ion fluxes are seen. The DMSP 
RPA and IDM data from 12:40:00 U T to 12:50:00 U T are not reliable.
The outward ionospheric fluxes in the Southern Hemisphere observed by F15 at 850 km, —70° 
magnetic latitude (M LAT) are about 2 .0x108 cm _2s_1 around 1900 magnetic local time (MLT) 
(Figure 6.7c, right). The upflowing ion fluxes vary in MLT and in invariant latitude about a factor
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of 4 [Yau et al., 1985; Delcourt et al., 1989]. The average ionospheric upflow flux estimated to 
be 6.0 x108 cm _2s_1 . Assuming all upflows have sufficient energy to become outflows, the total 
outflow can be derived by multiplying the mean value of the ionospheric flux with the outflow area, 
which is 2.1 x 1 0 17 cm 2 assuming that the outflow area is bounded by —70° M LAT in the Southern 
Hemisphere. Then the calculated total outflow is about 1.3 x1026 ions/s. Approximately 50% of 
the total ion outflow o f ionospheric origin reaches the dayside magnetosphere [Cully et al., 2003a]. 
The average ion density o f ionospheric origin in the dayside magnetosphere can be calculated using 
the equation, Density =  (Ionospheric source flux x Residence tim e)/Volum e [Chappell et al., 1987]. 
The average residence time of 6 h (2.16x104 s), which determined by drift time for a flux tube 
across the dayside, is based on the typical convection models. The volume 5.65 x1029 was from 
Lyons and Williams [1984] and estimated using a dipolar magnetic field approximation. Therefore, 
the calculated ion density resulting from the ionospheric outflow in the dayside magnetosphere is 
about 2.5 ions/cm 3. The average ion densities (2.9 ions/cm 3 and 2.4 ions/cm 3) observed by C1 
and C3, respectively, match with the calculated ion density given by an ionospheric source. This 
indicates that ionospheric outflows can contribute most o f the volume o f the dayside magnetosphere 
that is consistent with the estimation by Andre and Cully [2012], who showed that the ionospheric 
source is dominant in the dayside magnetosphere at least 50-70% of the time. However, there may 
be large error bars for estimating the ion density o f the ionospheric origin due to the combination 
of several highly variable quantities.
It should be pointed out that these observed cold ion fluxes vary with the E  x  B  drift with 
a period of 60-120 s, which is in the ULF wave range. A  possible scenario is that ULF waves 
generated at the foreshock region [Volwerk, 2006] can be convected into the magnetopause region 
and further caused the flux modulations o f the ionospheric origin cold ions. During the time of 
interest, the angle between the IMF and the bow shock normal is ~180°, which is the favorable 
condition o f the ULF wave generated in the foreshock region.
6 .4  S u m m a ry  an d  C on clu s ion s
We have presented Cluster observations o f the ionospheric outflows at the dayside magnetopause 
on 8 April 2008. The unidirectional low-energy (<  200 eV) ions with pitch angles from 0° to 75° 
were observed by C1 and C3 inside the magnetopause. The cold ion fluxes (<  200 eV) modulations 
were correlated with the plasma drift velocity (E  x B ).
The main results o f this chapter can be summarized as follows:
1. The observed cold ion fluxes that have a dominant form of parallel fluxes were much larger 
than those o f the antiparallel fluxes. The cold ions that have 0°-75° pitch angle distributions 
can be coming directly from the ionosphere in the Southern Hemisphere and reached to the
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dayside magnetopause.
2. The bidirectional pitch angle distributions o f the low-energy electrons (up to 1.5 keV) confirms 
that magnetic field lines are closed.
3. The asymmetric ionospheric outflows observed at the dayside magnetopause can be caused 
by the seasonal magnetic field geometry effect.
4. The ionospheric outflow consists o f two different species (possibly H+ and He+) since there 
are two ion flux peaks in the ion energy spectra from C1 to C3, and the energy o f the second 
peak is about 4 times the first one.
5. The cold ion (<  200 eV) fluxes are modulated by the ULF wave at the period o f 60-120 s.
A  statistical study of the ionospheric outflows observed near the dayside magnetopause is presented 
in Chapter 7.
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C h a p te r  7
A  S ta tistica l S tu d y  o f  P la sm a sp h er ic  P lu m es  and  Io n o s p h e r ic  O u tflow s O b se rv e d  at
th e  D a y sid e  M a g n etop a u se
7.1 In tro d u ct io n
There are two types o f low-energy plasma populations that can dominate the dayside magneto­
sphere: plasma o f plasmaspheric origin (plasmaspheric wind, blob and plume) and o f ionospheric 
origin (ionospheric outflow and warm plasma cloak). The low-energy, dense plasma o f these two 
origins supplies particles to the cavity of the magnetosphere and can extend to a distance near the 
magnetopause. Figure 7.1 shows a sketch o f several low-energy plasma populations that can be 
observed near the dayside magnetopause.
The plasmaspheric plasma can expand beyond the plasmapause in the form of the blobs, the 
plume, and the plasmaspheric wind. The drainage plume is the extension o f the outer region of 
the plasmasphere [Chen and W olf, 1972; Lemaire, 2000; Green et al., 2002; O ’Brien and Moldwin,
2003]. W hen the interplanetary magnetic field (IMF) turns southward, the plasmapause that is 
formed by the combination o f the corotational and solar wind driven convection electric fields moves 
inward across the nightside and a sunward bulge is out near the duskside. Since for southward IMF 
the sunward convection is enhanced across the dayside magnetosphere, a distinct plasmaspheric 
plume can be formed at the duskside [Goldstein et al., 2003]. The blobs are formed when the 
plasmaspheric plasma is detached from the plasmasphere [Chappell, 1974]. Goldstein et al. [2004] 
suggested that a blob o f plasmaspheric plasma could be formed when the plume moved outward and 
became isolated. The plasmaspheric wind is a continuous plasmaspheric plasma release from the 
plasmasphere to the magnetosphere across the geomagnetic field lines during quiet and moderately 
active geomagnetic conditions (Kp <3 ) [Dandouras, 2013].
There are four possible source regions o f the ionospheric outflow: the auroral region, the cleft 
ion fountain, the polar cap, and the polar wind, which are classified based on their locations and 
energy distribution functions. The ionospheric ions can be accelerated by the ambipolar electric 
field arising from a pressure gradient o f thermal electron or by the electric field caused by the 
spatial separation between the electrons and heavy ions so that the light ions can escape from 
the polar ionosphere. This is one o f the possible mechanisms that can generate the ionospheric 
ion outflow from the polar cap regions [Yau and A ndre, 1997; Yau et al., 2007]. There are two 
types o f plasma o f the ionospheric origin: the ionospheric outflow and the warm plasma cloak. The 
ionospheric outflow is directly from one or both hemispheres. The warm plasma cloak is formed 
when the ionospheric outflow is transported toward the nightside and then brought back to the 
dayside magnetosphere by E x B  convection. The warm plasma cloak has an intermediate energy (a
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Figure 7.1. A  sketch o f the major low-energy ion populations that can be observed in the dayside 
magnetosphere [Lee et al., 2015b].
92
few eV to hundreds of eV), which is greater than the energy o f a direct upward outflow and lower 
than that of the populations in the plasma sheet or ring current [Chappell et al., 2008]. Both the 
ionospheric outflow and the warm plasma cloak have unidirectional or bidirectional field-aligned 
ion pitch angle distributions.
The plasmaspheric plumes have been identified using several methods. The plumes were iden­
tified when their densities were beyond the model values at different L  shells using the empirical 
models o f Sheeley et al. [2001] with the CRRES data set at the geosynchronous orbit [Moldwin et al.,
2004] and with the THEMIS measurements at the dayside magnetopause [Walsh et al., 2013]. Chen 
and Moore [2006] identified the plasmaspheric drainage plume when its peak energy is above the 
spacecraft potential (a few eV) and below the upper energy limit o f the instrument (~400 eV), 
and when the flow is perpendicular to the magnetic field. They used the measurements from the 
Thermal Ion Dynamics Experiment on the Polar spacecraft (T ID E /Polar) orbiting in the dayside 
outer magnetosphere beyond geosynchronous distances. Darrouzet et al. [2008] characterized the 
plume crossings when the electron density, which is derived from the electron plasma frequency, 
is greater than the background electron density. The electron plasma frequency is obtained by 
the W HISPER instrument onboard Cluster. Andre and Cully [2012] identified the plasmaspheric 
drainage region where high density (up to a few tens cm -3 ) low-energy ions were observed while 
the Cluster spacecraft crossed the magnetopause.
The ionospheric outflows have been observed by several satellites [Yau et al., 1986; Peterson  
et al., 2001; Andersson et al., 2005; Cully et al., 2003b; Redmon et al., 2012]. Peterson et al. [2006] 
identified the ionospheric outflows when the peak fluxes were greater than 1010 ions/m 2-s-sr and 
their ion distributions had less than 90° pitch angle distributions from the Southern Hemisphere. 
The data was recorded by the Toroidal Ion Mass-Angle Spectrograph (TIM AS) instrument on the 
Polar satellite with a mean altitude o f about 7500 km during solar minimum. The ionospheric 
outflows can be classified in terms o f their pitch angle distributions: beam, conic, and upflowing 
ions (UFI) [Peterson et al., 2006]. An ion beam is defined as an ion distribution which has a peak 
flux along the upward direction of the local magnetic field (from 0° to 30° pitch angle distributions) 
and an ion conic that has pitch angles with peaks in the range o f 30° to 75°. The UFI is defined as 
the combination of beams and conics so that it has a peak flux in the range o f 0° to 75° pitch angle 
distributions. The warm plasma cloak has been observed in the dayside magnetosphere by the 
ATS, ISEE, SCATHA, DE, and Polar satellites [Lennartsson and Reasoner, 1978; Baugher et al., 
1980; Nagai et al., 1983; Fennell et al., 1981; Kaye et al., 1981; Sagawa et al., 1987; Giles et al., 
1994; Chappell et al., 2008].
Density ranges with both the plumes and outflows; their spatial distribution and the dependence 
o f their occurrence rates on the geomagnetic activities and solar w ind/IM F conditions have been
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studied. Density o f the plumes varies from a few to a few hundred cm - 3 , depending on their 
locations (L shell and latitude) [Chappell, 1972; Sauvaud et al., 2001; Walsh et al., 2013]. Chen and 
Moore [2006] found that significantly more plasmaspheric plume events, observed by TID E /Polar 
near polar apogee (>  5 R e ), occurred at the duskside than at the dawnside. Darrouzet et al. [2008] 
showed that the plasmaspheric plume events were observed mostly for moderate Kp (=  3-6) and 
not for small Dst.
The densities range o f the warm plasma cloak ions is from 0.5 to 3 cm - 3 , observed by TIDE near 
Polar apogee [Sagawa et al., 1987; Chappell et al., 2008]. These ions are found more often at the 
dawnside than the duskside. Nagai et al. [1983] found that the occurrence rate o f the ionospheric 
outflows (<  100 eV), measured by the Plasma Composition Experiment on board ISEE in the range 
o f L =  3-10, increased with decreasing Kp. Cully et al. [2003b] showed that the ionospheric outflow 
rates were strongly correlated with the solar wind dynamic pressure, the solar wind electric field, 
and variation in the IMF.
Observations o f plasmaspheric plume and ionospheric outflow at different locations in the mag­
netosphere using various spacecraft data have been reported [e.g., Chen and M oore , 2006; Chappell 
et al., 2008; Walsh et al., 2013]. However, there is no study on the characteristics o f both plumes 
and outflows near the magnetopause. These low-energy populations can play an important role in 
the magnetospheric dynamics, such as magnetic reconnection. In this chapter, we use Cluster in 
situ measurements to identify low-energy ions o f ionospheric origin (called “ionospheric outflow” 
in this chapter) and plasmaspheric origin (called “plasmaspheric plume” in this chapter) observed 
at the dayside magnetopause. We compare their densities, spatial distributions and dependences 
o f the occurrence rates on the solar w ind/IM F conditions and geomagnetic activity.
7.2 Id en tifica tion s  o f  th e  P lu m e  and O u tflow  E ven ts
The low-energy (<  1 keV) ion events observed near the magnetopause were selected on the basis 
o f two criteria. (1) We only selected the events when the low-energy ion particle energy flux 
was greater than 105 k eV /(cm 2s-sr-keV). To be detected, the energy o f the cold ions must be 
larger than the threshold of the H IA /CIS instrument (5 eV). (2) The cold ions were present for 
longer than 2 min. The plasmaspheric plumes can be distinguished from the ionospheric outflows 
by using the ion pitch angle distribution. The plasmaspheric plume ions have ~90° pitch angle 
distributions (perpendicular to the magnetic field). The plume is formed when the strength o f the 
convection electric field suddenly increases. Increasing convection causes the duskside bulge o f the 
plasmasphere along the open-drift paths [Goldstein et al., 2005]. Thus, a large amount o f cold ions 
drift to the dayside magnetopause. The drift associated with the enhanced convection electric field 
is perpendicular to the magnetic field. In contrast, the pitch angle distributions for the outflows
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from one or both hemispheres are mostly 0° and /or 180° peaked (unidirectional or bidirectional 
pitch angle distributions), i.e., the ionospheric outflows are field-aligned flows [Horwitz et al., 1982; 
Chappell et al., 2008].
Figure 7.2 represents data for a plume case (left) and an outflow case (right) observed by C3 
from 03:00 to 05:00 U T on 10 February 2007 and from 05:00 to 07:00 U T on 06 March 2008, 
respectively. The C3 satellite was located at (X , Y , Z)g sm  =  (9.86, 6.10, 4.75) R E for the plume 
event at 03:00 U T and (X , Y , Z )GSM =  (10.27, 2.94, 2.70) R E for the outflow event at 05:00 UT. 
From top to bottom , the ion energy spectrum, the ion (<  1 keV) pitch angle distribution, ion 
density, electron density derived from the spacecraft potential, the ion velocity moments Vx (blue), 
Vy (green) and Vz (red) (km /s), and the three magnetic field components B x (blue), B y (green) and 
B z (red) (nT) in geocentric solar magnetospheric (GSM) coordinates are shown during two-hour 
time intervals.
The low-energy (<  1 keV) ions were observed in the magnetosphere by C3 for both plume and 
outflow events (Figure 7.2a). There are large ion energy spectra fluctuations in the plume event and 
the energy-dispersion signature in the outflow event. Figure 7.2(b) shows that the plume has a 90° 
pitch angle distribution and the outflow has a bidirectional field-aligned pitch angle distribution. 
The average ion densities are 0.8 cm -3  for the plumes and 0.4 cm -3  for the outflows (Figure 7.2c). 
There are large ion density variations in the plume event. The average electron densities are 5.0 
cm -3  for the plumes and 4.1 cm -3  for the outflows (Figure 7.2d). The ion densities are lower than 
the electron densities because the cold ions with energy lower than 5 eV (threshold o f HIA) cannot 
be detected by the instrument. The ion and electron densities for the plumes are higher than those 
for the outflows.
Figure 7.2(e) shows that the accelerated plasma flows Vz (plume) and Vy (outflow) reach about 
300 km /s and 200 km /s in the boundary layer, respectively, which are the typical signature of 
magnetic reconnection. For the plume event, the accelerated ion jet Vz switched direction at 04:05 
UT, indicating that C3 crossed the reconnection site to the other side o f the X-line. The plume 
occurred during southward IMF condition. The average IMF B z was —1.7 nT, which was obtained 
from the 5-min averaged OM NI data set available at OM NIW eb. For the outflow event, the averaged 
IMF B z was 0.9 nT (northward IMF condition) and the y component of the magnetic field changed 
from positive (~10 nT) to negative (~  —15 nT) where the high-speed flow jet Vy was shown. The 
averaged IMF B y for the outflow event was —1.0 nT.
W hile C3 encountered 442 dayside magnetopause crossings starting from January to May and 
December in 2007-2009, 43 plume events and 32 outflow events were observed based on the criteria 
listed at the beginning o f this section. There were 7 events that consisted o f both plume and 
outflow during each magnetopause crossing. We statistically examined the occurrence rate of the
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Figure 7.2. Examples of a plume case (left) and an outflow case (right) near the dayside magne­
topause observed by C3. (a) HIA omnidirectional energy-time spectrogram in energy flux units (no 
mass discrimination), (b) the pitch angle distribution for low-energy ions (<  1 keV), (c) ion density, 
(d) electron density from the spacecraft potential, and (e) the three velocity and (f) magnetic field 
components in GSM coordinates, respectively [Lee et al., 2015b].
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plumes and the outflows and their dependence on the geomagnetic activities and solar w ind/IM F 
conditions. We also compared the characteristics o f the plasmaspheric plume and the ionospheric 
outflow.
7.3 R esu lts
7.3 .1  O ccu rre n ce  R a te  o f  th e  P lu m es  and  th e  O u tflow s
Based on the C3 measurements from the 18 months o f intermittent observation (from January to 
May and December) during 2007 to 2009, Figure 7.3 shows the distribution o f the plasmaspheric 
plumes (blue) and the ionospheric outflows (red) in GSM coordinates. During those three years, 
we have identified 43 (10%) plasmaspheric plume events and 32 (7%) ionospheric outflow events 
when Cluster crossed the dayside magnetopause (442 magnetopause crossings). Low-energy ions 
were detected in 15% (68 o f 442) o f the dayside magnetopause crossings (both plume and outflow 
were observed for 7 magnetopause crossings).
The occurrence rates o f the plume (10%) and the outflow (7%) are less than those from other 
statistical studies. Walsh et al. [2013] showed that 12.5% of the plumes were observed at the dayside 
magnetopause by THEMIS and Darrouzet et al. [2008] showed that 15% of the plasmasphere passes 
were observed by the Cluster spacecraft in between 4 and 11 R E. 30% plasmaspheric-like plasma 
(169 o f the 558 plasmapause crossings) were observed by CRRES outside the plasmapause [Moldwin 
et al., 2004]. Andre and Cully [2012] showed that the outflow of low-energy ions can dominate 50­
70% of the time on the dayside magnetosphere. In our study, the plasmaspheric plume and the 
ionospheric outflow were identified in the C IS /H IA  data, which may lead to lower occurrence rates 
o f the low-energy ions since the cold ions with energy lower than the threshold (5 eV) of the detector 
cannot be detected.
The plume and outflow events were detected in 15% of dayside magnetopause crossings and 76% 
(57 o f 75) of these events were observed at the duskside. 91% of the plume events were detected at 
the duskside, while only 9% were observed at the dawnside. This is consistent with the predictions 
from the theoretical models and global empirical models showing that the plumes appear at the 
duskside as geomagnetic activity increases [Chappell et al., 1970, 1971; Carpenter et al., 1992]. The 
occurrence rate o f the outflow (red) events at the duskside (18 events) is slightly higher than that 
at the dawnside (14 events), indicating that the outflow events have a weak dawn-dusk asymmetry.
7 .3 .2  D en s ity  D iffe ren ces
Densities o f plumes and outflows vary depending on where they were detected and on the geomag­
netic activity or solar w ind/IM F conditions. Here, we focus on the cold ion observations near the
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Cluster 3
2007/01/01 00:01 UT - 2009/12/31 23:59 UT
Plasmaspheric Plumes Ionospheric Outflows
20 10 0 -10 -20 20 10 0 -10 -20 
X g s m  (R e ) X g s m  (Re )
Figure 7.3. Distributions of plasmaspheric plumes (blue) and ionospheric outflows (red) as detected 
by Cluster 3 while crosses the dayside magnetopause. The data is plotted in the GSM coordinate 
system X -Y  and X -Z planes. The red lines represent the bow shock (outer) and the magnetopause 
(inner), which are determined by the Fairfield model [Lee et al., 2015b].
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magnetopause and compare ion and electron densities o f plumes and outflows. Figure 7.4 shows 
bar plots o f the electron density (Figure 7.4a) obtained through the spacecraft potential measure­
ments from the EFW  experiment on Cluster and the ion density (Figure 7.4b) from the CIS/H IA 
ion spectrometer for the plumes (blue) and the outflows (red) observed by C3 from 2007 to 2009. 
We used the formula for 2001 observations in Pedersen et al. [2008] for a statistical study o f the 
electron density. The densities were averaged during the time period when the low-energy ions 
were observed. The bin size in all bars is 0.5 cm - 3 .
The median values o f the electron density of plume and outflow events are 5.4 cm -3  and 5.2 
cm - 3 , respectively. This indicates that there is no clear difference in the electron density between 
the plume and the outflow events. The ion density distributions o f both the plumes and the 
outflows peak at the density range from 0.5 to 1.0 cm - 3 , and the plume ion density distribution 
only occasionally reaches the density range from 7 to 7.5 cm - 3 . The median ion densities o f the 
plumes and the outflows are 0.9 cm -3  and 0.7 cm - 3 , respectively. The electron densities are higher 
than the ion densities because the cold ions with energy lower than the threshold (5 eV) o f CIS/H IA 
instrument cannot be detected.
7 .3 .3  D e p e n d e n ce  on  G e o m a g n e tic  A c t iv ity
We examined the relationships between the low-energy ions o f two different origins and geomagnetic 
disturbances. Figure 7.5 shows the occurrence rates o f the plumes and the outflows with their 
corresponding magnetic activities as indicated by the three-hour index K Planetary (Kp) (left 
column) and the hourly index Disturbed Storm Time (D st) (right column). The Kp index is 
expressed in (0, 1, 2, 3, etc.) and each o f the index values contains a scale of thirds (0, 0+ , 1—, 1. 
1+, 2—, 2, 2+ , etc.). We defined the Kp values 0 -  3 as quiet or moderately active magnetospheric 
conditions, and values greater than 4 as disturbed conditions. Dst values greater than 0 correspond 
to geomagnetically quiet periods, between 0 and —20 nT correspond to moderate periods, and 
below —20 nT to disturbed periods [Li et al., 2012]. The maximum Kp in the previous 12 hours 
was selected and the minimum Dst value in the previous 24 hours was chosen when the plumes and 
the outflows were observed by C3 during magnetopause crossings [Moldwin et al., 2004; Darrouzet 
et al., 2008].
Figures 7.5(a) and 7.5(d) show the Kp and Dst distributions when C3 crossed the magnetopause 
(442 crossings) during selected periods, from January to May and December 2007, 2008, and 2009, 
respectively. The Kp and Dst distributions are shown from 0 to 4 and from +10 to —50, respectively. 
There are only a few magnetopause crossings observed by C3 with high Kp (>  4) and very low 
Dst (<  —50) during the selected time intervals. Figures 7.5(b) and 7.5(e) show the distributions 
o f plumes (blue) and outflows (red) as a function of Kp and Dst, respectively. Figures 7.5(c) and
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7.5(f) show the normalized distributions (taking into account the distributions of Kp and Dst for all 
442 magnetopause crossings) o f plumes (blue) and outflows (red) versus Kp and Dst, respectively.
We noted that no plumes and outflows were observed for the highest Kp (>  4) and the lowest Dst 
(<  —50). The normalized distributions show that the plume events prefer to occur during moderate 
geomagnetic activity (Kp =  3 and —30 <  Dst <  —10 nT), which is consistent with statistical study 
results o f Darrouzet et al. [2008], who showed that more plasmaspheric plume events were observed 
during moderate activity (K p between 3 +  and 6) from 1 February 2001 to 1 February 2006. The 
ionospheric outflow events do not occur when Kp =  0 and the occurrence rate o f the ionospheric 
outflows does not have clear Dst dependence. Li et al. [2012], however, showed that the elevated 
ionospheric outflow fluxes were observed near the dayside cusp region and the nightside auroral 
region during disturbed magnetospheric conditions (D st <  —20 nT). This difference may be caused 
by the different locations where the low-energy ions were observed.
7 .3 .4  D e p e n d e n ce  on  S olar W in d  P a ra m eters
In order to investigate the dependence o f the occurrence rates o f the plumes and outflows on different 
solar wind parameters, we used the 5-min averaged multi-spacecraft OMNIweb data during the 
selected time period. The OMNIWeb (http://om niweb.gsfc.nasa.gov) combines data from multiple 
spacecraft (W IND, Geotail, IMP, and ACE) and provides a high resolution database o f IMF and 
solar wind conditions. The OMNI data sets are time-shifted taking into account the solar wind 
propagation time from the spacecraft to the Earth’s bow shock. Figures 7.6(a) and 7.6(d) show the 
distributions o f the IMF B z and derived Ey (=  -vsw x B z) for all the dataset from 2007 through 2009, 
respectively. Figures 7.6(b) and 7.6(e) show the distributions o f the plumes (blue) and outflows 
(red) as a function o f IMF B z and the derived solar wind electric field (E y), respectively. The 
normalized occurrence rates o f the plumes (blue) and outflows (red) as a function o f IMF B z and 
E y are shown in Figures 7.6(c) and 7.6(f), respectively.
The normalized occurrence rate of the plumes rises slowly with increasing negative values of 
IMF B z , whereas the one for the outflow events tends to rise as the positive IM F B z values increase 
(Figure 7.6c). The normalized occurrence rates o f the plume and outflow events increase as positive 
and negative values o f Ey increase, respectively (Figure 7.6f). These indicate that the plume events 
tend to occur during southward IMF (duskward solar wind electric field), whereas the outflow 
events prefer to occur during northward IMF (dawnward solar wind electric field).
Figure 7.7 shows the distribution o f the plumes (blue) and outflows (red) when (a) IMF B y >  0 
and (b) IMF B y <  0 in the GSM X -Y  plane. About 65% of the low-energy ion (plume and outflow) 
events were observed during positive IMF B y , while only 35% were observed during negative IMF 
B y . Notably, significantly more outflows (red) were observed during positive IMF B y (24 of 32,
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occurrence rates o f plume (blue) and outflow (red) events as a function o f (c) IMF B z and (f) Ey 
[Lee et al., 2015b].
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Figure 7.7. Distributions o f plumes (blue) and the outflows (red) when the (a) IMF By <  0 and 
(b) IMF By >  0 in the X -Y  GSM plane [Lee et al., 2015b].
75%) than during negative IMF B y (8 o f 32, 25%). 75% (25%) of the outflows were observed at 
the duskside (dawnside) when the IMF B y is negative, while 46% (54%) o f the outflow events were 
observed at the duskside (dawnside) during positive IMF B y . These results showed the IMF B y 
effect on the occurrence rate o f the outflows. This is consistent with the results from Chen and 
Moore [2006], who showed that the peak occurrence rate of the plumes shifts to the dawnside when 
IMF By is positive.
In contrast to the occurrence rate of the outflow events, more plume events were found at the 
duskside whether IMF B y >  0 or IMF B y <  0. The occurrence rate of plume at the duskside (39 of 
43, 91%) is much higher than that at the dawnside (9%). This is consistent with the results from 
the previous statistical studies [Walsh et al., 2013; Darrouzet et al., 2008; Chen and M oore , 2006].
The distribution of the solar wind dynamic pressure from 2007 through 2009 obtained from 
OMNIweb is shown in Figure 7.8(a). The most common solar wind pressure is between 1 and 2 
nPa. Figure 7.8(b) shows the distributions of the plumes (blue) and outflows (red) as a function of 
the solar wind dynamic pressure. A  majority of the plume and outflow events occurs when the solar 
wind dynamic pressure is between 1 and 2 nPa. The normalized occurrence rates o f both plume 
(blue) and outflow (red) events increase along with the dynamic pressure (Figure 7.8c). Strong 
magnetospheric compression causes the dayside magnetopause to move inward so that the plume 
associated with plasmaspheric erosion can appear near the magnetopause [Elphic et al., 1996; Kim  
et al., 2007]. Many observational studies have shown that strong ionospheric outward flux was 
correlated with solar wind dynamic pressure since it is one o f the driving parameters [Cully et al., 
2003b; Lennartsson et al., 2004; Engwall et al., 2009].
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7.4  D iscu ss ion
7.4 .1  IM F  B z E ffe cts  on  th e  O ccu rre n ce  R a te s  o f  th e  P la sm a sp h er ic  P lu m e  an d  I o n o ­
sp h eric  O u tflow
67% (29 o f 43) o f the plume events were observed during southward IMF, while only 33% were 
observed during northward IMF. Significantly more plume events were observed at the duskside 
(91%, 39 o f 43) than those at the dawnside (See Figure 7.7).
The occurrence rate o f the plasmaspheric plume is strongly correlated with high geomagnetic 
activity as well as intervals o f southward IMF [Carpenter et al., 1993; Horwitz et al., 1990; Mold- 
win et al., 2003; Goldstein et al., 2003]. For southward IMF, dayside magnetopause reconnection 
occurs and primarily drives antisunward flow in the ionospheric polar cap, with a return sunward 
convection at lower latitudes [Dungey, 1961; Heppner, 1972]. This sunward convection in the inner 
magnetosphere causes the erosion o f the outer portion o f the rotating plasmasphere. The plas- 
maspheric drainage plume can be formed during intervals o f enhanced magnetospheric convection. 
Many observations [Chen and M oore , 2006; Chappell, 1972; Walsh et al., 2013; Darrouzet et al., 
2008; Kim et al., 2007] have shown that plumes are more often found at the duskside than at the 
dawnside, which is consistent with the dawn-dusk asymmetry o f the occurrence rate of the plume 
found in this chapter.
The higher occurrence rate o f the ionospheric outflow was observed for the northward IMF (IMF 
B z >  0, dawnward solar wind electric field) (Figure 7.6c). Ridley et al. [1998] have shown that the 
changes o f the IMF orientation determine the shape o f the residual potential pattern. For northward 
IMF, the ionospheric convection pattern is more complicated than that for southward IMF. For 
strongly northward IMF, the two-cell convection pattern forms in the high-latitude ionosphere 
with the counter-clockwise duskside cell and the clockwise dawnside cell. This pattern indicates 
the magnetic flux being convected from the tail to the dayside (sunward-flowing) in the high-latitude 
ionosphere [Ridley et al., 1998; R eiff and Burch , 1985]. The ionospheric outflow can be convected 
toward dayside along with the magnetic flux. Thus, the occurrence rate of the ionospheric outflows 
observed at the dayside magnetopause gets high when the IMF is strongly northward.
7 .4 .2  IM F  B y E ffects  o n  th e  O ccu rre n ce  R a te  o f  th e  Io n o s p h e r ic  O u tflow
54% (or 13 o f 24) o f the outflow events were observed at the dawnside when IMF B y is positive, 
while only 25% (2 of 8) were observed during negative IMF B y . Conversely, 75% of the outflow 
events were observed at the duskside during negative IMF B y , while 46% were observed when IMF 
By is positive.
The effects of IMF By on the dawn-dusk asymmetry o f the convection pattern, auroral oval
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and electric field in the ionosphere have been studied [Reiff and Burch , 1985; Cowley et al., 1991; 
Lu et al., 1989; M ozer and Lucht, 1974; Raitt et al., 1977; Holzworth and M eng , 1984]. The 
two convection cells in the high-latitude ionosphere are symmetric for strongly northward IMF 
with negligible B y [Reiff and Burch , 1985; Ridley et al., 1998]. In the presence of IMF B y , these 
two convection cells become asymmetric. For positive (negative) IMF B y , both convection cells 
are clockwise (counter-clockwise) and the dawnside (duskside) cell is larger than the duskside 
(dawnside) cell in the Northern Hemisphere [Reiff and Burch , 1985]. These convection patterns 
indicate that the plasma flows sunward at the dawnside (duskside) in the high-latitude ionosphere 
during strongly northward IMF with a positive (negative) B y component.
The auroral oval is shifted toward dawn in the Northern Hemisphere for positive IMF By and 
toward dusk for negative IMF B y [Holzworth and M eng , 1984]. The auroral zone is one of the 
source regions o f the ionospheric outflow so that the shift toward dawnside for positive IMF B y can 
lead to a higher occurrence rate o f the ionospheric outflow at the dawnside.
The dawn-dusk asymmetry o f the electric field in the ionosphere was related to the sign and 
magnitude of IMF B y . The electric field near local dawn in the Northern Hemisphere was en­
hanced when the IMF By >  0, whereas the electric field near local dusk increased in the Northern 
Hemisphere when the IMF B y <  0 [Mozer and Lucht, 1974]. This convection electric field can 
significantly increase the proton temperature and cause a high outward flux o f proton for average 
ionospheric conditions at high altitudes [Raitt et al., 1977].
The dawn-dusk asymmetries in the Southern Hemisphere is in the opposite sense to the asym­
metries in the Northern Hemisphere [Cowley et al., 1991; M ozer and Lucht, 1974; Raitt et al., 1977]. 
However, the observational dawn-dusk asymmetries in the Southern Hemisphere were found to be 
less strong [Lu et al., 1989]. This is consistent with our results that the enhanced occurrence rate 
o f the ionospheric outflows were observed at the dawnside when IMF By >  0.
7.5 S u m m a ry  an d  C on clu s ion s
We presented a statistical study o f the plasmaspheric plumes and the ionospheric outflows ob­
served by C3 near the dayside magnetopause from 2007 to 2009. We identified 43 plume events 
with perpendicular pitch angle distributions and 32 outflow events with unidirectional or bidi­
rectional field-aligned pitch angle distributions during 442 dayside magnetopause crossings. The 
characteristics between the plumes and outflows were compared, and we also investigated the re­
lations between the occurrence rates o f the plume and outflow events and their locations, their 
dependences on the geomagnetic activity and the solar w ind/IM F conditions. The main results of 
this chapter can be summarized as follows:
1. The occurrence rate o f the plumes is significantly higher at the duskside than that at the
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dawnside. However, the occurrence rate o f the outflow shows a weak dawn-dusk asymmetry.
2. The median values o f the electron (ion) density of plume and outflow events are 5.4 cm -3 
and 5.2 cm -3  (0.9 cm -3  and 0.7 cm -3 ), respectively.
3. Plume events prefer to occur during moderate conditions (Kp =  3 and —30 <  Dst <  —10 
nT). The ionospheric outflows do not occur when Kp =  0 and the occurrence rate o f the 
ionospheric outflows does not have clear Dst dependence.
4. The plume events tend to occur during southward IMF (duskward solar wind electric field), 
whereas the outflow events prefer to occur during northward IMF (dawnward solar wind 
electric field).
5. 75% (25%) o f the outflows were observed at the duskside (dawnside) when the IMF B y is 
negative, while 46% (54%) o f the outflow events were observed at the duskside (dawnside) 
during positive IMF B y.
6. The occurrence rates o f both plumes and outflows increase as the solar wind dynamic pressure 
increases.
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C h a p te r  8 
C on c lu s ion s  an d  F u tu re  W o r k
8.1 C on clu s ion s
Magnetic reconnection is a fundamental process that operates within the heliosphere and through­
out the universe. The reconnection process at the dayside magnetopause plays an essential role for 
the transfer o f mass, momentum and energy from the solar wind to the Earth's magnetosphere. 
Magnetic reconnection at the dayside magnetopause is usually asymmetric since the properties of 
the plasma and magnetic field are quite different in the magnetosphere and the magnetosheath. 
The plasma density on the magnetosheath side is much higher than that on the magnetospheric 
side and the magnetic field strength on the magnetosheath side is usually smaller than that on the 
magnetospheric side. Cold dense plasmas, originating either directly from the ionosphere or from 
the plasmasphere, has often been observed near the dayside magnetopause. These cold plasmas 
may affect reconnection since they modify the plasma properties on the magnetospheric side signif­
icantly. We investigate characteristics o f cold dense ions observed near the dayside magnetopause 
and the role they play in reconnection dynamics at the dayside magnetopause based on case and 
statistical studies using the Cluster spacecraft datasets. We also examine a controlling factor that 
leads to the asymmetric reconnection geometry at the magnetopause.
The main results o f this dissertation can be summarized as follows:
C h a ra cte r is tics  o f  th e  C o ld  D en se  Ion s O b serv ed  near th e  D a y sid e  M a g n e to p a u se
Case and statistical studies have been done to investigate characteristics o f the cold dense ions 
observed near the magnetopause using the datasets from the Cluster spacecraft. The event pre­
sented in Chapter 5 is a plasmaspheric plume case and the event presented in Chapter 6 is an 
ionospheric outflow case. For the plume case, cold ions (5-30 eV) with 90° pitch angle distribu­
tions were observed outside the reconnection region. Once the cold ions were energized, three cold 
ion populations (probably H+, He+ and O+) appeared in the energy spectrum since they have 
different masses and were accelerated to the same velocity. Helium (He+) and oxygen (O +) ions 
were energized 4 and 16 times higher than that of the proton (H +). For the ionospheric outflow 
case, cold ions (<  200 eV) which have 0°-7 5 ° pitch angle distributions were observed by both C1 
and C3 while passing the magnetopause on 8 April 2008. The observation of the unidirectional 
cold ions indicates that these cold ions can be directly coming from the ionosphere in the Southern 
Hemisphere and reached the dayside magnetopause. The low-energy (up to 1.5 keV) electrons with 
bidirectional pitch angle distributions were detected, confirming that the magnetic field lines are 
closed. The asymmetric ionospheric outflows at the dayside magnetopause can be caused by the 
seasonal magnetic field geometry effect. During this event, the Southern Hemisphere was in winter
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and the Northern Hemisphere was in summer. The winter hemisphere has a lower conductivity that 
drives an enhancement in the perpendicular electric field. The stronger electric field increases the 
ion temperature which may causes asymmetric ionospheric outflows coming from only the South­
ern Hemisphere. The DMSP observations may provide some clues on the cause o f the asymmetric 
ionospheric outflow. The DMSP observations show that the ion temperature in the Southern Hemi­
sphere is much higher than that in the Northern Hemisphere. The ionospheric outflows consist of 
two different species (possibly H+ and He+) since there are two ion flux peaks in the ion energy 
spectra. The energy o f the second peak (He+) is about 4 times the first one (H +). The observed 
cold ion fluxes are modulated by the ULF wave at the period of 60-120 s.
From the statistical study, dayside magnetopause crossings from 2007 to 2009 were inspected. 
The plasmaspheric plumes and ionospheric outflows were identified based on the following criteria. 
The low-energy ion particle energy flux was greater than 105 k eV /(cm 2s sr keV) and the energy 
o f the cold ions must be larger than the threshold (5 eV) o f the H IA /C IS instrument to be de­
tected. The plasmaspheric plumes are characterized by 90° pitch angle distributions, whereas the 
ionospheric outflows feature unidirectional or bidirectional field-aligned pitch angle distributions. 
There are energy-dispersion signatures in the ionospheric outflow events. We investigated the oc­
currence rates o f the plumes and ionospheric outflows and how the plume and outflow occurrence 
rates depend on geomagnetic activity and the solar w ind/IM F conditions. 43 (10%) plasmaspheric 
plume events and 32 (7%) ionospheric outflow events were detected while C3 crossed dayside mag­
netopause 442 times from 2007 to 2009. It is found that the occurrence rate o f the plume at 
the duskside is significantly higher than that at the dawnside, whereas the occurrence rate o f the 
outflow shows a weak dawn-dusk asymmetry. This indicates that the plasmaspheric plumes may 
lead to a dawn-dusk asymmetry of dayside reconnection. The plume events prefer to occur during 
moderate geomagnetic activity (K p =  3, —20 <  D st <  —10 nT), whereas the ionospheric outflow 
events do not occur when K p =  0 and their occurrence rate does not have a clear D st dependence. 
The plasmaspheric plumes tend to occur during southward IMF (duskward solar wind electric 
field), whereas the ionospheric outflows prefer to occur during northward IMF (dawnward solar 
wind electric field). For southward IMF, dayside magnetopause reconnection occurs and drives 
sunward convection at low latitudes which causes the erosion o f the outer portion o f the rotating 
plasmasphere. Thus, the plasmaspheric plume can be formed during intervals of enhanced magne- 
tospheric convection. For northward IMF, the two-cell convection pattern leads the larger amount 
o f magnetic flux being convected from the tail to the dayside. The occurrence rate of ionospheric 
outflows depends on the effect o f IMF B y. 54% (46%) o f the outflow events were observed at the 
dawnside (duskside) during positive IMF By, whereas 25% (75%) o f the outflows were observed at 
the dawnside (duskside) during negative IMF By. The dayside reconnection in the presence o f the
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positive IMF B y (negative IMF By) results in the dawnward (duskward) exerted forces that may 
affect the high occurrence rate o f the ionospheric outflow at the dawnside (duskside). The auroral 
oval, which is one o f the source regions o f the ionospheric outflow, is shifted toward dawn (dusk) for 
positive (negative) IMF By. Finally, the occurrence rates o f both plumes and outflows increase as 
the solar wind dynamic pressure increases. Strong magnetospheric compression causes the dayside 
magnetopause to move inward so that the plume can appear near the magnetopause. The solar 
wind dynamic pressure is one of the driving parameters of the outward flux from the ionosphere.
B e h a v io r  o f  th e  C o ld  D en se  Ion s d u rin g  M a g n e tic  R e c o n n e c t io n
In Chapter 5, we investigated the behavior o f the cold dense plasma during magnetic reconnection 
and the role of the cold plasma in the reconnection process. We found that the motion of cold 
plasmaspheric ions entering the reconnection region differs from that o f warmer magnetosheath 
and magnetospheric ions. In contrast to the warmer ions, which are probably accelerated by 
reconnection near the subsolar magnetopause, the colder ions are simply entrained by E x B  drift 
at high latitudes on the recently reconnected magnetic field lines. This indicates that plasmaspheric 
ions can sometimes play only a very limited role in asymmetric reconnection.
A s y m m e tr ic  R e c o n n e c t io n  G e o m e tr y
We investigated the controlling factor that leads to the asymmetric reconnection geometry. We 
identified the separatrices and the flow boundaries on the magnetosheath and magnetospheric sides 
o f the magnetopause by sharp changes in the electromagnetic wave spectrogram, particle differential 
flux, plasma flow, magnetic field, and density gradients. We estimated the separatrix angle (ds) 
by taking the ratio o f the local magnetic fields at the separatrix, ds & tan- l (B N/BL), in the 
boundary normal coordinate system. It is found that the separatrix and flow boundary angles 
on the magnetosheath side are larger than those on the magnetospheric side. Acceleration o f a 
higher-density plasma requires a larger J  x  B  force density, which is proportional to the square root 
o f density, magnetic field and tangent of the separatrix angle, J x B  a  yfnB  and J x B  a  tan(Os). 
The stronger plasma density asymmetry (~13) of the magnetosheath to the magnetospheric side 
than magnetic field asymmetry (~1.2) of the magnetospheric to the magnetosheath side at this 
boundary causes the separatrix angle on the magnetosheath side to be larger than that on the 
magnetospheric side and thus leads the asymmetric reconnection geometry.
In summary, this dissertation presents case and statistical studies on the characteristics o f the 
cold ions observed at the dayside magnetopause by using the Cluster spacecraft datasets. The 
plasmaspheric plumes have been distinguished from the ionospheric outflows using ion pitch angle 
distributions. The ionospheric outflows are featured by unidirectional or bidirectional field-aligned
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pitch angle distributions, whereas the plasmaspheric plumes are characterized with 90° pitch angle 
distributions. The occurrence rates o f the plasmaspheric plumes and ionospheric outflows and their 
dependence on the solar w ind/IM F conditions have been investigated. It is found that the occur­
rence rate o f plasmaspheric plume or ionospheric plasma strongly depends on the solar w ind/IM F 
conditions. In particular, plasmaspheric plumes tend to occur during southward IMF while iono­
spheric outflows tends to occur during northward IMF. The occurrence rate o f the plasmaspheric 
plumes is significantly higher on the duskside than that on the dawnside, indicating that the plas- 
maspheric plumes may lead to a dawn-dusk asymmetry o f the dayside reconnection.
Furthermore, this dissertation investigates the behavior o f the cold dense plasma o f ionospheric 
origin during magnetic reconnection at the dayside magnetopause. The motion o f cold plasmas- 
pheric ions entering the reconnection region differs from that of warmer magnetosheath and mag- 
netospheric ions. In contrast to the warmer ions, which are probably accelerated by reconnection 
near the subsolar magnetopause, the colder ions are simply entrained by E x  B  drifts at high lati­
tudes on the recently reconnected magnetic field lines. This indicates that plasmaspheric ions can 
sometimes play a very limited role in magnetic reconnection process.
Finally, this dissertation examines a controlling factor that leads to the asymmetric reconnection 
geometry at the magnetopause. It is demonstrated that the separatrix and flow boundary angles 
are greater on the magnetosheath than on the magnetospheric side o f the magnetopause, probably 
due to the stronger density asymmetry rather than magnetic field asymmetry at this boundary.
8 .2  F u tu re  W o rk
In Chapter 5, we showed that the energetic ions (>  10 keV) that observed in the boundary layer 
participate the reconnection process and then were accelerated together with other populations in 
the outflow region. Are these particles coming from the reconnection process or somewhere else? If 
the energetic ions are accelerated by the reconnection, how are they accelerated (the acceleration 
mechanisms)? Magnetic reconnection is the dominant mechanism for converting magnetic energy 
into high-velocity flows and energetic particles (kinetic energy), the acceleration mechanism for 
these remains an outstanding question. It would be helpful to further study on the acceleration 
mechanisms for understanding the behavior of energetic particles in the boundary layer.
In Chapter 6 and Chapter 7, we showed that different characteristics o f between the plasmas- 
pheric plume and the ionospheric outflow observed near the dayside magnetopause from the Cluster 
spacecraft (C3). It would be important to understand and quantify the effects o f the low-energy 
and dense plasma on the dynamics o f the Earth’s magnetopause such as magnetic reconnection. 
Numerical and analytic studies also predicted the dense and/or heavy plasma reduces the dayside 
reconnection rate as the mass loading the reconnection site [Cassak and Shay, 2007; Borovsky et al.,
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2013]. Walsh et al. [2014] showed that the plasmaspheric plume reduces the the reconnection jet 
outflow velocities which scales with the hybrid Alfven speed,
Va  =  B  shB  sp(B  sh +  B sp) (8 1)
y ^0(pshB sp +  pspB sh)
where the subscript sh (sp) denotes the magnetosheath (magnetospheric) side of the magnetopause, 
by comparing the simultaneous observations by THEM IS-A and THEMIS-D at the dayside mag­
netopause. However, the lower bulk flow (reconnection outflow speed), which comes from an inad­
vertent moment calculation, does not represent the velocity o f either populations when two distinct 
populations, cold plume and hotter magnetosheath populations, coexist in phase space. Therefore, 
we can further investigate the reconnection rate using the outflow jet velocity in the HT frame by 
performing a Kappa distribution fit as separating the different behaviors of the cold dense plasma 
and hotter magnetosheath plasma.
Developing an in-depth understanding o f the effect o f the cold dense plasmaspheric plume 
and/or ionospheric outflow on the reconnection and identifying the acceleration mechanisms require 
a synthesized approach using in situ observations and numerical simulations, together with analytic 
efforts in order to answer the following outstanding questions:
(1) How are the energetic particles getting accelerated during magnetic reconnection?
(2) How do the cold dense plasmas (the plasmaspheric plumes and ionospheric outflows) participate 
in the reconnection?
(3) How do the plasmaspheric plumes and ionospheric outflows alter merging rates at the dayside 
magnetopause as a function o f the imposed external (solar w ind/IM F) and local (reconnection 
current sheet layer) conditions?
First, ample dayside reconnection events in the presence o f the cold plasma and/or energetic 
particles need to be identified. Cluster/THEM IS datasets and the most advanced datasets from 
the Magnetospheric MultiScale (MMS) mission can be used. Second, the characteristics o f the 
low-energy dense plasma and the energetic particles need to be determined and then the different 
predictions from previously proposed theories and simulation results need to be tested by comparing 
with the observations in order to estimate the effects o f the cold dense plumes and outflows on the 
reconnection process.
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A p p e n d ix  
C o o rd in a te  S y stem
Many different coordinate systems are used in space physics such as satellite trajectories, bound­
ary locations, and plasma-field measurements. The transformation from one or anther of the coor­
dinate systems is necessary to easily calculate and understand the various physical processes and 
to better order the experimental data. The transformation can be derived by using the trigono­
metric relations between angles measured in each coordinate system by means o f the spherical 
trigonometry method.
T h e  G e o c e n tr ic  S olar E c lip t ic  (G S E ) S y stem  is is defined that the x-axis is pointing from 
the earth toward the sun, the y-axis lies in the ecliptic plane pointing toward dusk (opposing the 
Earth’s motion). Its z-axis completes the right-hand rule (z =  x  x  y) which is parallel to the ecliptic 
north pole. The ecliptic plane is coplanar with both the orbit of the Earth around the Sun and the 
orbit o f the Sun around the Earth, which is an apparent annual path o f the Sun on the celestial 
sphere. The origin o f the system is at the center of the Earth. This system rotates about the z 
axis in one year relative to an inertial system. The GSE coordinate is used to better display the 
solar wind data since the aberration o f the solar wind data caused by the Earth’s orbital motion 
can easily be removed in this system.
T h e  G e o c e n tr ic  S olar M a g n e tic  (G S M ) S y stem  x-axis is directed towards the Sun, which 
is the same sense as the GSE system, the y-axis is chosen to be perpendicular to the Earth’s magnetic 
dipole, and the positive z -axis is parallel to the northern magnetic pole. The GSM system can be 
transformed from GSE by rotating about the x-axis (Figure A .1). The GSM conversion can be 
described in terms o f the rotation angle (0 ) in degree. The GSM z axis is towards the positive y 
(dusk side) in the GSE system when the rotation angle is positive.
x 1 0
y = 0 COS0
z GSM 0 s in 0
0 x
(9.1)
GSE
In addition to the annual rotation, there is a diurnal variation of the GSM coordinates since the 
rotation axis and magnetic dipole axis are offset. At the solstices the rotational axis is in the 
x  — zGSE plane so that the component o f the rotational axis perpendicular to x GSE (sunward) is 
identical to the zGSE (normal to the ecliptic). This occurs only twice a day during this time period 
because the magnetic north dipole has a diurnal variation (11°). At the equinoxes the rotational 
axis is perpendicular to the x GSE and deviates by 23° from the zGSE. Therefore the maximum 
deviation between GSM and GSE is a rotation o f about 34° in the y — z plane and occurs at
y
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Figure 9.1. The GSM conversion from the GSE in terms o f the rotational angle (0 ) and the dipole 
tilt angle.
once during the day at the equinoxes. The GSM coordinate is useful for displaying the boundary 
locations (magnetopause and shock-boundary position), magnetic fields in the magnetosheath and 
magnetotail, and the flow velocities in the magnetosheath, since the magnetic dipole axis changes 
depending on the solar wind flow. The dipole tilt angle (Figure A.1) indicates the inclination of 
the north magnetic pole towards the Sun from the GSM z-axis and is positive.
132
